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ABSTRACT		 Sclerotinia	stem	rot,	also	referred	to	as	white	mold,	poses	a	threat	to	soybean	production	world-wide.	The	causal	agent,	Sclerotinia	sclerotiorum	(Lib.)	de	Bary,	can	survive	in	harsh	environments	and	has	an	extremely	broad	host	range.	No	naturally	complete	resistance	has	been	reported	to	exist	in	soybean,	which	makes	it	a	compelling	problem.	Studying	the	molecular	interactions	between	soybean	and	S.	sclerotiorum	is	a	promising	approach	to	identify	the	soybeans	genes	that	are	controlling	the	quantitative	resistance	and,	on	the	other	hand,	to	discover	pathogenicity	and	virulence	factors	in	S.	
sclerotiorum	which	could	be	considered	as	targets	to	disable	and	weaken	the	aggressiveness	of	the	pathogen.	This	study	utilized	RNA-sequencing	to	characterize	the	transcriptomes	of	the	leaves	of	a	susceptible	soybean	line	(AC)	and	an	AC	transgenic	line	(OxO)	which	contains	an	enzyme	that	degrades	the	oxalic	acid	(OA)	produced	by	S.	
sclerotiorum	thereby	conferring	resistance.	The	leaves	were	infected	with	S.	sclerotiorum	and	samples	were	collected	at	4	and	8	hours	post	inoculation	(hpi)	to	characterize	this	interaction	and	to	examine	the	key	determinants	of	resistance	and	infection	at	these	early	infection	stages.		More	than	600	soybean	genes	were	detected	with	a	fairly	stringent	cutoff	as	being	significantly	differentially	expressed	in	response	to	S.	sclerotiorum	inoculation.	Functional	annotations	and	categorizations	revealed	that	a	large	percentage	of	differentially	expressed	genes	(DEGs)	were	annotated	as	kinases	and	transcription	factors,	depicting	a	complex	network	of	signal	transduction	and	gene	regulation	during	the	initiation	of	defense	responses.	Gene	Ontology	(GO)	enrichment	analysis	demonstrated	that	host	oxidative	burst,	jasmonic	acid	and	ethylene	signaling	pathways,	and	biosynthetic	pathways	of	several	soybean	anti-microbial	secondary	metabolites,	were	all	quickly	induced	in	this	defense	response.	Our	data	also	suggested	that	abscisic	acid	signaling	was	highly	responsive	to	S.	sclerotiorum	infection,	and	that	salicylic	acid	signaling	might	be	largely	inhibited.	Interestingly,	a	potential	interplay	of	a	hypersensitive	response-like	programmed	cell	death	(PCD)	and	autophagy	was	detected	as	a	common	reaction	in	both	genotypes.	It	is	speculated	that,	because	S.	sclerotiorum	is	a	necrotrophic	fungus	that	feeds	on	dead	host	cells,	inhibiting	host	cell	death	could	slow	down	its	infection.	Our	expression	data	also	identified	six	membrane	trafficking-related	genes	that	were	proposed	to	
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contribute	to	negative	regulation	of	PCD	via	suppressing	the	salicylic	acid	signaling	pathway.	Although	no	statistically	significant	differences	between	the	two	genotypes	were	due	to	fungal	infection,	the	quantitative	differences	between	them	were	discussed.	Although	apparently	minor	at	these	early	time	points,	these	quantitative	differences	could	be	reflective	of	defense-related	processes	that	were	more	intense	in	OxO.	This	transcriptomic	study	also	compared	the	gene	expression	of	the	pathogen,	S.	
sclerotiorum,	in	infected	leaves	from	AC	and	OxO	to	that	of	growth	in	liquid	axenic	culture.	The	comparison	revealed	dramatic	differential	transcriptomic	responses	at	4	and	8	hpi	(with	close	to	three	thousand	genes	detected	as	significantly	differentially	expressed	in	leaves	versus	in	culture),	revealing	a	broad	range	of	molecular	weapons	for	S.	
sclerotiorum	to	assault	its	host.	Plant	cell	wall	degrading	enzymes	(PCWDEs)	were	shown	to	be	one	of	the	major	players	in	the	early	infection	stages	and	the	expression	patterns	suggested	more	important	roles	of	pectinases	and	cutinases	for	soybean	infection	at	these	early	time	points.	Looking	at	potential	fungal	effectors,	160	secretory	proteins	were	predicted	as	candidates.	When	evaluating	the	effects	of	OxO	degradation	of	oxalic	acid	on	
S.	sclerotiorum	gene	expression,	only	three	genes	were	showing	statistical	significance.	However,	many	genes	exhibited	quantitative	differences	such	as	a	higher	expression	of	oxalic	acid	biosynthetic	genes,	and	genes	associated	with	botcinic	acid	biosynthesis	and	numerous	PCWDEs.	A	potential	transcriptional	crosstalk	between	oxalic	acid	and	the	other	virulence	factors	was	hypothesized.		Validation	of	91	soybean	gene	expression	patterns	detected	by	RNA-Seq	was	performed	by	a	Fluidigm	microfluidic	array-based	qRT-PCR.	This	experiment	verified	the	high	inductions	of	about	50	genes	from	early	time	points	4	and	8	hpi	to	later	time	points	at	12	and	24	hpi,	supporting	the	RNA-Seq	data.	The	expression	patterns	were	also	consistent	with	the	inoculation	using	another	soybean	genotype,	William	82.	Moreover,	the	transcriptional	responses	to	oxalic	acid	solution	in	about	70	genes	were	very	similar	to	those	in	response	to	infection	by	S.	sclerotiorum,	supportive	of	the	role	of	OA	as	a	major	virulence	factor	of	S.	sclerotiorum.	Several	genes	displaying	interesting	expression	patterns	were	discussed;	for	example,	a	tonoplast	dicarboxylate	transporter	that	could	be	involved	in	the	maintenance	of	cellular	pH	homeostasis	was	only	induced	in	OxO	but	suppressed	by	other	treatment	with	the	presence	of	high	levels	of	oxalic	acid.	Most	of	the	
	 iv	
genes	annotated	as	membrane	trafficking	components	were	largely	induced	at	all	time	points	but	did	not	show	obvious	differences	between	AC	and	OxO	in	qRT-PCR.	Moreover,	the	occurrence	of	autophagy	that	could	be	inhibited	by	oxalic	acid	was	not	clearly	detected	in	any	treatments.																												
	 v	
ACKNOWLEDGEMENTS	
	Above	all,	I	would	like	to	thank	my	boyfriend	Xing	for	his	care,	love	and	support.	And	also	great	thanks	for	being	an	encouraging	and	helpful	labmate.	I	would	like	to	thank	my	advisor	Dr.	Steven	Clough	for	his	guidance	and	friendship.	I	thank	him	for	helping	me	whenever	I	needed.	I	appreciate	the	abundant	help	and	advise	from	my	co-advisor	Dr.	Youfu	Zhao.	I	acknowledge	my	committee	member	Dr.	Glen	Hartman	for	his	important	critiques	and	suggestions.		I	would	like	to	thank	Dr.	Daina	Simmonds	and	her	lab	members	for	a	variety	of	help	and	frequent	interactions.	I	express	my	sincere	acknowledgement	to	Dr.	Jeff	Rollins	for	his	many	constructional	suggestions	on	my	work.	I	am	thankful	to	my	friends	and	co-workers,	Dr.	David	Walker,	David	Neece,	Yiwen	Xiang,	Xiaoyue	Zhang,	Fan	Zhu,	Sufei	Wang,	Liwei	Wen,	Hongxu	Dong	and	the	many	friends	who	came	to	the	lab	from	Brazil.	Thanks	for	their	help	on	research	and	accompany	in	life,	my	life	becomes	more	colorful	because	of	you.	The	last	but	not	the	least,	I	would	like	to	say	"thank	you"	and	"I	miss	you"	to	my	parents,	grandparents,	and	all	my	family	members	in	China.													
	 vi	
TABLE	OF	CONTENTS	
	
CHAPTER	1:	LITERATURE	REVIEW	ON	PLANT	–	SCLEROTINIA	SCLEROTIORUM	
INTERACTIONS……………………………………………………………………………………………………..........1		
CHAPTER	2:	RNA-SEQ	DATA	ANALYSIS	OF	SOYBEAN-SCLEROTINIA							
SCLEROTIORUM	INTERACTION	(SOYBEAN	PART)……………………………………………………23		
CHAPTER	3:	RNA-SEQ	DATA	ANALYSIS	OF	SOYBEAN-SCLEROTINIA							
SCLEROTIORUM	INTERACTION	(S.	SCLEROTIORUM	PART)……………….….…………......…...58		
CHAPTER	4:	VALIDATION	AND	EXPANSION	OF	AN	RNA-SEQ	DATA	ANALYSIS													
OF	SOYBEAN-SCLEROTINIA	SCLEROTIORUM	INTERACTIONS	………….…………………........87		
REFERENCES……………………………………………………………………………………………...……………101		
APPENDIX	A.	SOYBEAN	DEG	LIST…………..……………………………………..……...………....………113		
APPENDIX	B.	DEGS	BETWEEN	GENOTYPES	…………………………………………………….….….114		
APPENDIX	C.	S.	SCLEROTIORUM	DEG	LIST	…………………………………………………………….115		
APPENDIX	D.	S.	SCLEROTIORUM	POTENTIAL	EFFECTORS	……………………………………116		
APPENDIX	E.	QRT-PCR	RESULTS	…………………………………………………………..……………….117
	 1	
CHAPTER	1:	LITERATURE	REVIEW	ON	PLANT	–	SCLEROTINIA	SCLEROTIORUM	
INTERACTIONS1	
	This	year,	2016,	marks	the	130th	anniversary	of	Anton	de	Bary’s	detailed	reports	summarizing	his	observations	and	thoughts	on	the	plant	pathogenic	fungus	Sclerotinia	
sclerotiorum.	As	the	most	famous	pioneer	of	plant	pathology	across	the	globe,	de	Bary	made	many	intelligent	observations	that	still	hold	true	today,	such	as	the	secretion	of	enzymes	and	oxalic	acid.	As	scientists	advanced	the	story	of	S.	sclerotiorum	pathology	through	the	following	decades,	they	confirmed	the	identity	of	numerous	plant	cell-wall-degrading	enzymes	and	oxalic	acid,	and	they	clearly	demonstrated	the	importance	of	these	virulence	factors	(plus	others)	in	establishing	disease.	This	review	summarizes	some	of	these	findings	that	have	occurred	in	the	last	130	years	on	the	molecular	aspects	of	S.	sclerotiorum-host	interactions.		
Introduction		 Anton	de	Bary,	the	father	of	plant	pathology,	was	an	amazingly	observant	individual.	His	curiosity	and	attention	to	detail	was	extraordinary	and	led	to	many	discoveries	and	understandings	of	plant	pathogen	life	cycles	and	behaviors.	He	studied	many	plant	pathogens,	and	wrote	extensively	on	several,	such	as	Sclerotinia	sclerotiorum,	much	of	which	he	summarized	in	a	series	of	weekly	submissions	to	a	journal	he	co-edited	with	L.	Just,	the	Botanische	Zeitung,	in	1886	(de	Bary,	1886,	available	for	free	download	at	http://www.biodiversitylibrary.org/item/105850#page/36/mode/1up)	and	in	his	comprehensive	treatise	summarizing	his	many	observations	of	plant	pathogens	(de	Bary	1887).	Although	he	was	light	years	away	from	the	molecular	revolution	that	would	start	nearly	100	years	after	his	death,	de	Bary	successfully	identified	the	two	main	molecular	factors	affecting	the	ability	of	S.	sclerotiorum	to	be	a	successful	pathogen:	the	release	of	oxalic	acid	(OA)	and	ferments	(enzymes)	that	could	macerate	plant	host	tissue.		Thus	the	studies	were	started	on	the	molecular	interactions	of	S.	sclerotiorum	and	its	hosts	over																																																									1	This	chapter	was	published:	Wei	Wei	and	Steven	J.	Clough.	2016.	Sclerotinia	sclerotiorum:	
Molecular	Aspects	in	Plant-Pathogenic	Interactions.	Revisão	Anual	de	Patologia	de	Plantas	
24:174-189	
	 2	
130	years	ago.	Why	did	the	fungal	hyphae	release	OA,	and	what	was	in	that	fungal	‘ferment’	that	could	dissolve	plant	host	cell	walls?	And	similarly,	what	was	the	plant	doing	in	response	to	this	aggressive,	uninvited	visitor	and	these	toxic	substances	it	was	exposing	to	the	host?	What	other	molecules	are	involved?	What	are	the	pathogen	and	host	genes	controlling	the	molecular	interactions?		 Anton	de	Bary	was	far	ahead	of	his	contemporaries,	and	it	would	be	several	decades	after	his	death	in	1888	before	scientists	would	make	any	further	substantial	progress	on	the	questions	he	exposed.	A	very	nice	microscopic	study	was	reported	by	Boyle	in	1921	(Boyle	1921)	where	he	noted	that	the	growing	hyphae	of	S.	libertiana	(a	synonym	of	S.	sclerotiorum)	were	coated	with	a	thick	mucilaginous/gelatinous	sheath	which	he	viewed	as	a	substance	released	by	the	fungus	that	aided	in	the	attachment	of	the	mycelia	to	the	host	surface.		He	also	observed	that	the	fungal	hyphae	appeared	to	mechanically	force	its	way	past	the	plant	cuticle,	and	that	then	once	“the	cuticle	is	broken	the	walls	of	the	host	cells	near	the	point	of	penetration	show	signs	of	being	chemically	altered”.	Interestingly,	Boyle	also	noted	that	the	cells	adjacent	to	an	infected	cell	could	be	negatively	affected	by	the	invading	fungus	as	well	as	by	possible	fungal-	or	plant-released	enzymes	or	toxins:		“Death	of	the	cells	extends	some	distance	beyond	the	limits	of	the	invading	hypha,	due	either	to	enzymes	secreted	by	the	fungus	or	to	the	products	of	disorganized	 cells.	 The	 lethal	 substance	 or	 substances	 appear	 to	 diffuse	more	rapidly	along	the	palisade	cells	of	the	mesophyll	than	into	the	spongy	parenchyma,	as	the	chloroplasts	of	 the	palisade	cells	 for	some	distance	on	either	side	of	the	point	of	infection	are	swollen	or	disorganized,	while	those	of	 the	 spongy	 parenchyma	 immediately	 underneath	 are	 still	 unaffected.	This	is	evidently	due	to	the	fact	that	the	palisade	cells	are	in	closer	contact	and	 hence	 allow	 a	 more	 rapid	 diffusion	 of	 the	 lethal	 substance	 or	substances	than	the	cells	of	the	spongy	parenchyma,	which	are	in	contact	at	comparatively	few	points.”	Although	both	de	Bary	and	Boyle	stated	that	their	studies	suggested	the	release	of	plant-cell-wall	degrading	‘ferments’	or	enzymes,	the	actual	identification	of	these	molecular	weapons	would	not	start	until	the	late	1950’s	and	1960’s.	In	the	meantime,	
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plant	pathologists	had	success	in	confirming	de	Bary’s	assumption	that	S.	sclerotiorum	produced	the	toxin	oxalic	acid	(OA).	In	de	Bary’s	work,	the	fact	that	liquid	surrounding	hyphae	or	droplets	released	by	sclerotia	was	acidic	and	would	precipitate	with	calcium,	it	was	assumed	that	this	liquid	had	to	be	OA	(de	Bary	1886).	In	1952,	when	Overell	(Overell	1952)	found	that	spent	culture	filtrates	of	S.	sclerotiorum	could	macerate	carrot	slices,	he	wanted	to	determine	why	this	was	so.	He	noticed	that	the	maceration	ability	was	pH	dependent	and	the	macerating	factor(s)	was	stable	after	autoclaving.	Through	the	use	of	paper	chromatography	and	similar	calcium	precipitation	assays,	he	identified	OA	as	being	present,	at	concentrations	in	the	10’s	of	mM	in	cultures	that	had	grown	up	to	35	days.	Overell	also	found	that	similar	maceration	showed	up	when	carrot	slices	were	soaked	in	pure	OA	in	a	pH-dependent	manner,	with	the	best	maceration	activities	being	at	pH	levels	between	2.6	–	4.0	for	his	studies.	Therefore,	he	hypothesized	that	OA	was	the	cause	of	the	maceration,	and	that	the	different	ion	forms	of	oxalate	(Figure	1.1)	were	affecting	the	maceration,	as	oxalic	acid	would	be	mostly	fully	deprotonated	as	the	pH	levels	rose	past	4,	and	it	would	be	mostly	in	the	mono-basic	ion	form	at	pH	2.6	–	4.0	(oxalic	acid	pKa1	≈	1.2,	and	pKa2	≈	4.2).			 Interestingly,	these	levels	of	OA	found	by	Overell	were	fairly	similar	to	the	levels	found	in	cultures	of	the	close	relative	of	S.	sclerotiorum,	S.	rolfsii,	by	Higgins	25	years	earlier	(Higgins	1927).	He	identified	large	amounts	of	OA	released	from	S.	rolfsii,	reporting	0.3	–	3x	amounts	OA	as	mycelial	dry	weight	when	growing	S.	rolfsii	on	various	liquid	media	for	31	days,	and	estimated	the	oxalate	concentrations	at	5-70	mM.	Higgins	(as	did	Overell)	also	used	precipitation	with	known	amounts	of	calcium	as	a	means	to	calculate	the	approximate	amount	of	OA	in	solution,	as	oxalate	at	pH	levels	above	1.2	readily	binds	calcium	ions	and	precipitates	from	solution	(i.e.	adding	known	amounts	a	calcium	and	weighing	the	dried	precipitate	was	used	to	estimate	oxalate	molarity).			
Investigations	on	S.	sclerotiorum	plant	cell-wall-degrading	enzymes	(PCWDEs)														As	mentioned	previously,	since	at	least	the	1800’s,	scientists	have	known	that	some	cell-free	extracts,	termed	‘ferments’	and	later	‘enzymes’,	could	stimulate	chemical	reactions	to	occur,	but	the	link	between	enzymatic	activities	and	actual	protein	molecules	was	not	made	until	the	1920’s	and	1930’s,	with	the	1946	Noble	Prize	in	Chemistry	
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rewarding	the	first	discoverers	who	made	this	connection.	Therefore,	in	the	1950’s	enzymology	was	a	popular	research	focus	for	scientists,	and	many	biologists,	including	plant	pathologists,	were	looking	for	enzymes.		By	the	1960’s,	the	plant	pathologists	studying	S.	sclerotiorum	had	clearly	identified	the	release	of	peptidiolytic	enzymes	when	this	fungus	was	grown	in	culture	or	in	planta.			 In	1957,	Echandi	and	Walker	(Echandi	and	Walker	1957)	were	the	first	to	report	the	identification	of	such	PCWDEs	from	S.	sclerotiorum.		These	scientists	identified	both	pectin	methylesterase	and	polygalacturonase	activities	from	S.	sclerotiorum	grown	on	wheat	bran.		These	enzymatic	activities	were	destroyed	by	heating	at	55°C	for	10	minutes.		The	activity	of	these	pectolytic	enzymes	was	highest	at	pH	levels	between	3	and	5,	most	optimal	at	pH	4.	Enzyme	activities	were	reduced	to	44%	and	20%	at	pH	6	and	pH	7,	respectively.		This	work	was	supported	in	planta,	by	analyzing	S.	sclerotiorum	infected	tissues	(Hancock	1966).		Hancock	documented	pectin	methylesterase	and	polygalacturonase	activities	in	infected	stem	tissue,	together	with	an	increase	in	stem	acidity,	with	the	pH	dropping	from	about	6.2	to	4.5	during	infection.			 A	very	interesting	study	came	out	in	1965	by	Bateman	and	Beer	(Bateman	and	Beer	1965a).		Working	on	S.	rolfsii,	they	noted	the	benefits	of	a	pathogen	releasing	both	pectolytic	enzymes	and	OA,	as	they	found	that	the	effects	of	the	enzyme	function	and	acid	were	synergistically	enhanced	in	the	presence	of	each	other	(this	benefit	being	independent	of	the	microbe	that	released	them).		They	estimated	that	S.	rolfsii	culture	filtrates	contained	up	to	30	mM	OA	(80	mg/30	ml)	after	6	days	growth	on	carboxymethyl	cellulose	(which	they	found	to	be	a	much	better	inducer	of	oxalic	acid	than	glucose).	The	researchers	found	that	the	activity	of	purified	polygalacturonase	was	nonfunctioning	if	the	substrate	was	calcium	pectate	(the	form	that	is	commonly	found	in	plant	cell	walls),	but	if	OA	was	added	to	the	assay,	the	pectate	was	degraded,	presumably	due	to	the	removal	of	the	calcium	from	the	calcium	pectate	by	OA’s	proven	ability	to	chelate	calcium.	In	addition,	OA	lowers	the	pH	(estimated	as	2.8	in	culture),	and	they	found	an	optimal	pH	for	the	polygalacturonase	activity	was	between	3	and	4,	a	pH	optimum	similar	to	what	Echandi	and	Walker	(1957)	noted	(see	the	previous	paragraph).	They	also	noted	that	pH	values	below	4	could	kill	plant	tissue	on	its	own	(without	the	presence	of	PCWDEs),	and	that	the	fluid	from	diseased	lesions	was	near	4.0.	They	therefore	concluded	that	OA	was	
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most	likely	having	its	negative	effect	on	plant	hosts	due	to	both	binding	calcium	out	of	calcium	pectate	to	allow	the	polygacturonases	to	function	at	maximal	efficiency,	and	due	to	the	general	toxic	effects	of	the	low	pH	generated	as	the	fungal	biomass	increased.			 The	search	for	extracellular	enzymes	that	could	factor	into	molecular	plant-pathogen	interactions,	and	their	detailed	characterizations,	continued	to	be	popular	in	the	1960’s	and	for	decades	beyond.	Evidence	for	cellulose	degrading	enzymes	was	found	using	paper,	cotton	or	carboxymethyl	cellulose	as	growth	substrates	in	the	media	(Hancock	1967).	Marciano	et	al.	(1983)	detailed	the	roles	of	three	types	of	PCWDEs,	polygalacturonase,	cellulose,	and	xylanase	in	virulence,	together	with	the	enhanced	effect	of	oxalic	acid	and	its	low	pH.		A	survey	of	the	ability	of	extracellular	fluids	of	a	S.	
sclerotiorum	culture	to	degrade	cell-wall	polysaccharides	was	conducted	by	Riou	et	al.	(1992)	and	enzymatic	activity	was	detected	for	degradation	of	cellulolytic,	hemicellulolytic,	and	pectinolytic	polysaccharides.	Gel	analysis	confirmed	the	presence	of	at	least	one	pectinase,	beta-xylosidase,	and	cellobiosidase.	Multiple	studies	later	focused	on	characterizing	the	most	effective	class	of	plant-cell-macerating	enzyme	released	by	S.	
sclerotiorum:	the	endo-polygalacturonases	(Fraissinet-Tachet,	Reymond-Cotton,	and	Fevre	1995;	Cotton,	Rascle,	and	Fevre	2002;	Cotton	et	al.	2003).		The	work	of	Favaron	et	
al.	(2004)	suggested	that	there	are	at	least	two	different	endo-polygalacturonases	in	S.	
sclerotiorum,	each	with	a	different	pH	optimum	for	activity,	with	endo-PGa	being	more	active	at	lower	pH	values	(from	3.6-5.0),	and	endo-PGb	more	active	at	pH	4.5-5.0.	In	addition	to	the	endo-polygalacturonases,	researchers	also	conducted	additional	detailed	characterization	of	exo-polygalacturonases	(Li	et	al.	2004).	Other	enzymes	found	to	be	released	by	S.	sclerotiorum	include	at	least	two	endo-beta-1,4-glucanases	(Waksman	1991;	Chahed	et	al.	2014),	at	least	two	beta-glucosidases	(Issam	et	al.	2003)	and	at	least	one	beta-galactosidase	(Waksman	1989;	Riou,	Freyssinet,	and	Fevre	1992a).	And	although	the	early	microscopy	of	Boyle	did	not	see	any	evidence	for	cuticle	degradation,	one	cutinase	was	recently	identified	(Bashi	et	al.	2012).	Hegedus	and	Rimmer	(Hegedus	and	Rimmer	2005)	wrote	an	excellent	mini-review	proposing	a	tri-phasic	model	for	infection	describing	how	glucose,	cAMP,	and	pH	levels	change	during	infection,	and	how	these	changes	regulate	activation	and	repression	of	PCWDEs,	as	well	as	sclerotia	development.	
	 6	
	
Mechanisms	of	oxalic	acid	and	plant-Sclerotinia	interaction	This	present	review	focuses	on	the	effects	of	S.	sclerotiorum-released	molecules,	such	as	OA	and	fungal	secreted	enzymes,	and	some	of	their	related	genes,	on	the	plant	host.	Two	excellent	relevant	reviews	were	published	in	1979	as	part	of	an	APS	Symposium	of	Sclerotinia.	Purdy	(Purdy	1979)	described	the	various,	somewhat	confusing,	nomenclatures	used	to	name	S.	sclerotiorum,	as	well	as	gave	a	superb	summary	of	‘big	picture’	aspects	such	as	histology,	disease	development	and	host	range;	whereas	Lumsden	(Lumsden	1979)	summarized	details	on	the	physiological	and	histological	changes	that	occur	during	S.	sclerotiorum	pathogenesis.		Lumsden	put	an	emphasis	on	the	role	of	OA	(chelating	important	cations	and	producing	a	gradient	of	lowering	pH	values)	in	conjunction	with	the	plant	PCWDEs,	and	how	these	factors	would	make	the	cells	at	the	infection	front	more	permeable,	and	how	that	would	lead	to	greater	leakage	of	nutrients	for	the	fungus,	as	well	as	weaken	the	host.	Another	very	good,	comprehensive	review	(Dutton	and	Evans	1996)	on	the	role	of	large	quantities	of	OA	in	plant	diseases	caused	by	numerous	fungi,	not	only	explained	how	OA	could	enhance	the	efficiency	of	PCWDEs,	but	also	emphasized	the	importance	of	OA’s	ability	to	strongly	chelate	biologically	important	cations	such	as	calcium,	iron,	manganese,	magnesium,	nickel,	aluminum,	and	copper	affecting	their	solubility	and	thus	availability;	as	well	as	the	importance	of	OA’s	effect	on	destabilizing	cytoplasmic	and	chloroplastic	membranes,	which	would	aid	in	tissue	maceration.	On	the	other	side	of	this	relationship,	the	reader	can	also	find	several	very	good	recent	papers	about	the	effects	of	S.	sclerotiorum	produced	OA	on	the	fungus	itself.	As	discussed	below,	S.	sclerotiorum	produces	and	metabolizes	OA,	which	affects	various	aspects	of	fungal	vegetative	growth,	sclerotia	development	and	pathogenesis.		
Phenotypes	of	various	OA-deficient	mutants	To	investigate	the	critical	role	of	OA	throughout	the	life	cycle	of	S.	sclerotiorum,	mutagenesis	was	used.		Several	ultraviolet-induced	OA	deficient	mutants	were	screened	and	found	to	be	non-pathogenic	on	common	bean	(Godoy	et	al.	1990).	These	mutants	also	did	not	produce	sclerotia,	and	had	low	expression	of	pectinases	and	cellulases,	showing	that	sclerotia	formation	and	some	PCWDEs,	all	required	OA.	In	addition,	the	mutants	
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provided	some	clues	to	the	biosynthetic	pathway	for	OA	production,	as	the	addition	of	succinate	to	culture	media	led	to	the	production	of	some	OA,	showing	the	pathway	could	include	succinate	(i.e.	the	mutation	could	be	in	an	enzyme	of	the	biosynthetic	pathway	upstream	of	succinate	production).	Oxaloacetate	acetylhydrolase	(OAH,	EC	3.7.1.1),	which	is	the	enzyme	of	S.	sclerotiorum	that	converts	oxaloacetate	to	OA	and	carbon	dioxide,	was	knocked	out	by	targeted	gene	replacement	via	homologous	recombination,	leading	to	a	genetically	defined	mutant	that	produced	no	OA	accumulation,	even	under	highly	inductive	conditions	(Liang	et	al.	2015).	The	radial	growth	rates	of	vegetative	hyphae	of	the	mutants	were	observed	to	be	almost	equal	to	wild	type	(wt)	on	buffered	PDA	medium	at	pH	3.6,	whereas	growth	was	severely	reduced	at	buffered	pH	6.9.	On	all	medium	tested,	the	oah	mutant,	as	the	ultraviolet-induced	OA-minus	mutants	in	Godoy	et	al.,	could	not	form	sclerotia,	but	mycelia	were	noted	to	form	some	loose	and	unmelanized	aggregates,	as	if	some	sort	of	effort	was	being	made	to	produce	sclerotia,	but	the	OA-minus	mutants	just	could	not	succeed	in	this	process	Moreover,	the	mutant	was	also	defective	in	compound	aspersorium	formation	on	artificial	surface.	Complementation	using	the	wt	
OAH	gene	on	a	plasmid	was	able	to	fully	restore	the	radial	growth	rate	and	partially	restore	sclerotia	development	at	a	low	frequency,	but	failed	to	regain	the	compound	appressorium	phenotype.	This	failure	suggested	possible	inconsistences	in	the	regulation	of	expression	of	the	transgene	expressed	from	the	plasmid,	versus	the	wt	native	gene,	or	perhaps	was	due	to	difficulties	to	reverse	an	unknown	epigenetic	process	that	occurred	in	the	oah	mutants	that	did	not	allow	for	complementation.	In	another	study	where	oah	mutants	were	generated	either	through	targeted	gene	replacement	or	T-DNA	insertion,	involving	a	different	strain	(WMA1),	again	almost	no	OA	production	was	detected	(Xu	et	
al.	2015).	Interestingly,	for	these	OA-mutants,	the	authors	observed	some	phenotypic	behavior	that	differed	from	those	described	by	Godoy	or	Liang	that	were	generated	using	the	same	strain	1980.	One	difference	was	observed	when,	the	authors	ran	high-performance	liquid	chromatography	and	found	that	the	OA-minus	mutants	accumulated	fumaric	acid	at	high	levels	compared	to	the	wt.	The	production	of	fumaric	acid	was	not	tested	in	the	other	reports	on	OA-mutants;	however,	one	could	assume	that,	if	they	did	produce	fumaric	acid,	it	would	be	at	low	levels	since	the	pH	of	the	media	for	these	mutants	did	not	go	below	pH	6	after	2	days	growth,	whereas	the	Xu	et	al.	mutants	reduced	
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the	pH	of	the	media	to	just	above,	or	just	below,	pH	4	by	48	hours.	Additionally,	the	two	mutants	in	the	Xu	et	al.	study	were	able	to	produce	sclerotia,	(with	some	noted	differences	in	color	and	texture),	whereas	the	Godoy	and	Liang	mutants	could	not.	A	third	major	difference	between	this	study	on	the	WMA1-derived	mutants	and	the	1980-derived	mutants	was	that	the	WMA1-derived	mutants	were	quite	effective	in	inducing	necrosis	on	multiple	hosts,	whereas	the	OA-minus	mutants	of	1980	could	not,	or	did	so	very	poorly,	and	only	if	the	plants	were	first	wounded.	It	is	not	clear	why	these	differences	occurred,	and	how	much	of	these	differences	are	strain	specific,	but	it	does	suggest	that	there	could	be	some	unknown	complexity	in	the	OA	metabolism,	and	perhaps	in	OA-regulated	genes,	and	that	the	various	OA-minus	mutants	affect	these	factors	in	different	manners.		Another	enzyme	involved	in	OA	degradation	in	S.	sclerotiorum,	oxalate	decarboxylase	(ODC),	was	also	recently	characterized	(Liang,	Moomaw,	and	Rollins	2015).		Deletion	of	one	of	the	two	putative	ODC	genes	led	to	hyper-accumulation	of	OA	and	less	efficient	differentiation	of	compound	appressorium,	implicating	fine	control	of	OA	levels	regulates	appressorium	formation.	No	different	vegetative	growth	and	sclerotia	development	were	reported	for	this	odc	mutant,	probably	because	the	expression	of	the	gene	for	this	enzyme	was	only	significantly	detected	at	mid	to	late	stages	of	compound	appressorium	formation.	Although	the	physiological	function	of	ODC	in	S.	sclerotiorum	still	requires	further	investigation,	it	is	highly	possible	that	this	enzyme	is	responsible	for	OA	regulation	at	multiple	developmental	stages.			As	is	well	known,	OA	is	closely	related	to	pathogenesis.	Thus,	it	is	intriguing	to	see	how	mutations	of	genes	involved	in	OA	metabolism	affect	pathogenesis.	Since	the	deletion	of	oah	gene	caused	defective	compound	appressorium	formation,	which	makes	it	difficult	for	the	pathogen	penetrate	the	cuticle	layer,	Liang	et	al.	(2015)	performed	wound	inoculations	on	a	variety	of	hosts	(including	tomatoes,	soybeans	and	Arabidopsis)	to	evaluate	the	role	of	OA	in	pathogenesis.	The	results	showed	that	the	oah	mutant	produced	very	limited	leisions	that	were	“brown,	green”	in	color	and	restricted	by	a	“thin,	dark”	border,	while	the	wt	produced	“light	brown,	spreading”	leisions.	Moreover,	GFP	labeling,	along	with	3,3'-Diaminobenzidine	(DAB)	and	aniline	blue	staining,	was	conducted	to	characterize	the	interaction	occurring	in	these	different	types	of	lesions.	It	was	observed	that	compared	to	wt	hyphae,	the	GFP	fluorescence	of	mutant	hyphae	died	away	at	5	dpi	
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and	the	mutants	elicited	much	more	H2O2	accumulation	and	callose	deposition,	indicative	of	stronger	host	defense	responses.	These	phenotypes	indicated	that	OA	was	a	determinant	virulence	factor,	and	the	critical	role	it	played	in	pathogenesis	was	further	confirmed	by	the	fact	that	immersing	the	leaf	petiole	in	OA	(pH	5.8)	partially	restored	the	virulence.	However,	in	the	study	of	Xu	et	al.	(2015),	the	oah	mutant	they	generated	caused	disease	in	a	host-dependent	manner,	with	the	virulence	almost	the	same	as	the	wt	on	faba	bean,	yet	weakly	pathogenic	on	soybean.	When	inoculation	of	oah	mutants	was	conducted	on	green	beans	infiltrated	with	citric-phosphate	buffer	at	pH	4.2	or	non-buffered	potassium	oxalate	(10	mM),	the	virulence	was	recovered	under	the	former	treatment	but	not	the	latter	one.	The	authors	also	identified	a	positive	correlation	between	the	lesion	size	and	decreased	pH	in	the	infected	tissues,	and	a	negatiave	correlation	between	the	lesion	size	and	host	leaf	tissue	buffering	capacity.	Based	on	these	evidences,	the	author	proposed	that	the	major	contribution	of	OA	was	due	to	its	strong	acidity	rather	than	the	oxalate.	However,	considering	the	chemical	similarty	between	citric	acid	(used	as	a	buffer	and	for	lowering	the	pH	in	controls)	and	OA	(both	are	small	organic	acids	that	strongly	bind	divalent	cations	at	physiological	pHs;	citric	acid	pKa1	≈	3.1,	pKa2	≈	4.8	and	pKa3	≈	6.4),	it	is	still	reasonable	to	propose	other	functions	of	OA	independent	of	its	acidity,	such	as	the	chelation	of	metal	ions.			
Molecular	and	physiological	studies	on	the	functions	of	OA	secreted	into	hosts	Although	the	fungal-released	proteins	in	the	form	of	enzymes,	effectors	and	necrosis	inducing	proteins/peptides	have	a	real	effect	on	disease	development,	many	view	the	effect	of	OA	to	be	the	most	beneficial	to	S.	sclerotiorum,	and	therefore	numerous	studies	have	focused	on	the	role	of	OA	in	the	molecular	plant-pathogen	interactions.	As	introduced	above,	the	acidity	of	OA	and	its	chelation	properties	can	produce	visual	effects	on	the	plant	host,	but	what	is	it	doing	at	the	molecular	level?	It	was	shown	that	OA	increased	stomatal	opening	in	Arabidopsis,	presumably	to	its	benefit,	facilitating	the	entrance	of	OA	into	the	host	apoplast	(Stotz	and	Guimara,	2004).	A	study	in	1988	(Favaron	et	al.	1988)	detailed	an	active	defense	activation	in	soybean	in	response	to	purified	polygalacturonase	and	oxalic	acid.	Within	20	minutes	of	treatment,	measurable	amounts	of	the	phytoalexin	glyceollin	were	induced	by	two	of	the	four	polygalacturonases	
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tested,	as	well	as	by	millimolar	levels	of	OA,	with	5	mM	being	the	most	effective;	10	mM	OA	actually	gave	a	20%	reduction	in	the	induced	levels	as	compared	to	5	mM.	In	the	actual	situation	of	infection,	the	OA	concentration	ranges	from	very	low	to	high	(80	mM	to	be	the	highest	reported),	thus	a	dynamic	picture	of	how	OA	molecules	impact	the	host	cells	seems	probable.	A	very	essential	role	proposed	for	OA	is	to	modulate	the	rapid	host	oxidative	burst,	one	of	the	earliest	and	most	universal	hallmarks	of	plant	defense	(Cessna	et	al.	2000).	Inoculation	of	an	OA-deficient	strain	on	tobacco	leaves	led	to	considerable	accumulation	oxidization	as	measured	by	oxidation	of	nitroblue	tetrazolium,	while	there	was	no	obvious	oxidation	caused	by	the	wild-type	strain.	The	result	indicated	a	role	of	OA	to	suppress	the	biosynthesis	of	reactive	oxygen	species	(ROS)	by	the	plant	host.	Further	experiments	were	performed	to	explore	the	mechanism	of	this	inhibition,	revealing	that	the	acidity	and	chelation	of	cations,	two	highly	popular	hypothetical	roles	for	OA	in	S.	
sclerotiorum	pathogenesis,	did	not	appear	to	be	largely	accountable	for	inhibition	of	oxidative	burst.	Several	additional	observations	indicated	a	potential	target	site	of	OA	downstream	of	the	defense-associated	Ca2+	influx,	but	upstream	of	the	oxidase	complex	that	produces	H2O2	and	ROS.	However,	so	far	the	exact	molecular	target	of	inhibition	remains	unclear.	Another	study	came	up	with	a	potential	explanation	for	this	inhibition	using	a	plant-based	redox	sensing	GFP	system	(Williams	et	al.	2011).	It	was	detected	that	
S.	sclerotiorum,	by	secreting	OA,	creates	a	transient	reducing	environment	rapidly	in	plant	cells	after	infection,	which	compromises	the	host	oxidative	burst	and	another	host	basal	defense	responses	such	as	callose	deposition.	By	contrast,	an	OA-deficient	mutant	produced	hypersensitive-like	lesions	characterized	by	restricted	growth	and	cell	death.	Consistently	with	the	first	study,	this	redox	alteration	of	the	host	cells	was	also	shown	to	be	independent	of	acidity.	The	underlying	mechanism	of	manipulation	of	host	redox	status	was	proposed	as	involving	key	redox	molecules	such	as	thioredoxins,	leading	to	the	inability	to	form	normal	conformational	changes	of	many	redox-sensitive	signaling	components	in	the	activation	of	plant	defenses.		The	defining	characteristic	of	a	necrotrophic	fungus	like	S.	sclerotiorum	is	to	kill	plant	cells	and	then	obtain	nutrients	from	dead	host	for	its	own	use.	In	this	sense,	plant	programmed	cell	death	(PCD),	which	is	a	strategy	that	plants	use	to	achieve	complete	
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resistance	to	biotrophic	pathogens,	may	be	beneficial	to	the	pathogenesis	of	S.	sclerotiorum.	OA	was	suggested	to	induce	apoptotic-like	PCD	in	hosts,	thus	facilitating	the	disease	development	(Kim,	Min,	and	Dickman	2008).	DNA	fragmentation,	which	is	a	feature	of	apoptotic-like	cells	in	mammals,	was	possibly	observed	in	DNA	extracted	from	tobacco	leaf	discs	36h	after	treatments	with	S.	sclerotiorum	wt	culture	filtrate,	and	from	infiltration	with	different	formulations	of	oxalate,	while	it	was	not	obvious	in	water	and	other	acids	(such	as	citric	acid,	HCl	and	succinic	acid)	treatments.	Moreover,	observations	indicated	that	oxalate	induced	ROS	generation	and	this	ROS	generation	plays	an	important	role	in	PCD	occurrence.	However,	opposing	the	previous	findings	that	OA	suppresses	ROS	in	a	largely	pH-independent	manner,	it	was	shown	in	this	study	that	OA	could	elicit	PCD	and	ROS	production	only	in	relatively	higher	pH	(5	to	6)	milieu,	while	at	lower	pH	values	(3	to	4),	neither	DNA	laddering	nor	ROS	production	was	significantly	detected.		A	comparative	transcriptomic	study	of	soybean	leaves	infiltrated	with	5	mM	OA	versus	HCl-acidified	water	revealed	that	one	of	most	significantly	up-regulated	genes	at	4	hours	post	infiltration,	was	ferritin,	which	forms	complexes	to	safely	store	toxic	iron	ions	within	cells.	The	fact	that	ferritin	was	so	strongly	induced	could	have	been	indicative	of	an	increase	in	free	iron,	presumably	released	from	iron-binding	components	in	cells	by	OA,	a	strong	chelator	of	iron	(Calla,	Blahut-Beatty,	Koziol,	Simmonds,	et	al.	2014).	The	authors	proposed	that	in	addition	to	the	loss	of	iron	from	enzymes	containing	cytochrome	co-factors	that	would	greatly	weaken	the	ability	of	the	host	to	produce	an	active	defense,	that	the	loss	of	iron	from	electron	transfer	components	of	photosynthesis	could	lead	to	high	accumulation	of	ROS	through	photoinhibition.	However,	a	precise	link	connecting	the	mechanism	of	OA	and	the	induction	of	PCD	is	still	lacking.	If	OA	can	both	suppress	the	oxidative	burst	and	elicit	PCD	through	stimulating	the	generation	of	ROS,	the	question	becomes	‘How	does	OA	work	to	coordinate	these	two	functions	which	seem	to	contradict	each	other?’	One	possibility	suggested	in	the	Kim	et	al.	study	(2008)	was	that	the	induction	of	PCD	was	time	and	dose	dependent,	supported	by	the	observation	that	no	significant	difference	of	cell	viability	of	tobacco	leaf	disks	was	detected	between	the	treatment	of	20	mM	potassium	oxalate	and	water	until	48	h	post-treatment,	with	the	time	point	being	delayed	at	a	lower	concentration	of	potassium	oxalate	of	10	mM.	With	retrospect	to	the	Cessna	et	al.	study	(2000)	on	OA’s	effect	on	the	oxidative	burst,	
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however,	4	mM	was	found	to	be	the	median	inhibitory	concentration,	and	the	inhibition	was	detected	within	10h	of	treatment,	a	time	much	earlier	than	48	h.	Thus,	it	is	tempting	to	speculate	that	in	the	early	infection	stage,	when	the	OA	is	in	low	concentration,	OA	is	more	responsible	for	reducing	host	oxidant	production,	but	in	the	later	infection	stage,	it	is	more	responsible	for	inducing	PCD.	Another	possibility	is	related	to	the	pH	dependency	exhibited	by	OA	manipulating	ROS	production.	It	was	suggested	that	the	extracellular	pH	pertubations	had	a	fast	and	strong	effect	on	vacular	pH	while	the	cytoplasmic	pH	remained	relatively	undisturbed	(Horn	et	al.	1992).	Moreover,	histological	investigation	of	S.	
sclerotiorum	infection	process	revealed	that	OA	could	be	metabolized	or	transferred	to	host	vacuoles	in	early	infection	stage	(Heller	and	Witt-Geiges	2013).	Combining	this	information,	it	is	not	unreasonable	to	postulate	that	dual	functionality	of	OA	could	be	executed	associated	with	different	cellular	compartmentalization	of	OA	during	different	stages	of	infection,	in	addition	to	varying	concentrations	in	and	near	the	infection	zone.	In	the	early	infection	stage,	OA	would	presumably	exist	mainly	in	the	apoplast	or	host	vacuoles	where	the	pH	decreases	rapidly,	and	the	oxidative	burst	is	inhibited.	When	the	concentration	of	OA	increases,	OA	is	gradually	released	into	the	cytoplasm	where	the	pH	is	higher	than	apoplast	and	the	vacuole,	but	within	the	optimal	range	for	PCD	induction.	This	speculative	model	would	also	explain,	to	some	degree,	why	the	PCD	was	elicited	at	a	relatively	later	time	during	infection.		
Evaluation	of	S.	sclerotiorum-resistant	transgenic	lines	Davidson	et	al.	(2016)	utilized	an	oxalate	oxidase	(OxO)	transgenic	soybean	line	to	study	the	effects	of	OA.		The	OxO	transgenic	soybean	was	developed	by	transforming	a	wheat	OxO	(the	germin	gene	gf-2.8)	gene	into	the	genome,	whose	gene	product	can	degrade	OA	and	thereby	effectively	confer	resistance	to	S.	sclerotiorum	(Donaldson	et	al.	2001).	The	authors	inoculated	attached	flowers	and	found	that	the	OxO	line	was	able	to	reduce	OA	levels	and	greatly	inhibit	ingress	of	the	fungus,	and	disease	symptoms	largely	remained	at	the	flowers;	whereas	in	the	non-transgenic	parent,	the	disease	progressed	rapidly,	spreading	to	the	main	stem	and	beyond.	They	also	measured	OA	levels	during	the	infection	period,	and	found	that	fully	infected	flowers	contained	about	3	mM	OA.		Davidson	et	al.	(2016)	also	used	infected,	detached	flowers,	fully	covered	with	visible	
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mycelia,	to	inoculate	leaves	in	a	manner	that	mimics	how	soybean	plants	might	be	infected	in	the	field	(i.e.	ascospores	infect	flowers,	and	an	infected	flower	that	has	landed	onto	a	leaf	leads	to	infection	of	that	leaf).	Interestingly,	when	detached	flowers	were	inoculated	(such	as	those	to	be	used	in	the	leaf	inoculation	studies),	both	OxO	and	the	parent	were	equally	fully	infected	with	visible	mycelia	covering	the	flowers	within	3	days,	and	yet	it	took	about	6	days	for	this	stage	to	be	reached	in	attached	flowers	for	the	parent.	This	heavy	mycelial	growth	was	almost	never	seen	for	the	attached	flowers	of	the	OxO	inoculated	plants,	showing	that,	although	the	attached	living	flower	is	able	to	be	infected,	this	tissue	is	clearly	much	more	resistant	than	the	same	floral	tissue	if	detached	and	presumably	dying.		It	was	also	shown	that	the	reduced	levels	of	OA	in	the	OxO	infected	detached	flowers	was	not	effective	in	preventing	the	fungus	from	taking	over	the	flower,	whereas	the	reduced	OA	levels	in	the	attached	OxO	flowers	was	highly	effective,	showing	that	the	plants	do	have	the	ability	to	defend	against	this	pathogen	in	healthy	living	tissue	if	the	OA	levels	are	reduced.		Inoculated	attached	leaves	behaved	similarly	to	inoculated	attached	flowers	in	that	the	OxO	transgenics	showed	strong	resistance,	whereas	the	non-transformed	parent	did	not.	However,	that	resistance	did	not	become	apparent	until	the	second	day	post	inoculation	as	hyphae	emanating	from	infected	flowers	spread	in	large	networks	above	and	below	the	leaf	cuticle	and	infiltrated	the	cortical	tissue	of	both	hosts.	Following	the	initial	24	hours,	the	OA	levels	remained	fairly	constant,	remaining	at	the	day	1	level	for	the	OxO	transgenic,	and	the	lesion	did	not	spread	much	beyond	1-3	cm	during	the	6	day	study.	However,	in	the	leaves	of	the	non-transformed	parent,	the	OA	levels	increased	and	the	leaves	were	completely	overtaken	with	fungal	growth	by	4-6	days	post	inoculation.	The	authors	concluded	that	their	results	showed	that	host	colonization	is	a	two-phase	process.	Phase	I	occurred	on	both	hosts	but	Phase	II	proceeded	only	on	the	non-transgenic	parent,	indicating	that	host	colonization	requires	high	levels	of	OA	in	order	to	proceed,	and	conversely,	Phase	I	may	require	a	lower	level	of	OA	or	possibly	OA	may	not	be	involved.	They	also	concluded	that	the	barriers	to	fungal	invasion	in	the	OxO	transgenic	tissue	appears	to	be	living	green	tissues,	(i.e.	the	peduncle,	petiole,	stem	and	leaf	tissue)	where	OA	is	required	to	condition	the	tissue	for	colonization.			
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Secretory	proteins	from	S.	sclerotiorum	We	have	discussed	that	S.	sclerotiorum	releases	large	amounts	(up	to	tens	of	mM)	of	toxic	oxalic	acid,	as	well	as	numerous	PCWDEs,	to	aid	it	in	its	attempts	to	colonize	a	host.	Although	this	seems	like	an	abundance	of	weapons,	apparently	it	is	only	a	fraction	of	the	possible	arsenal	released	from	this	pathogen.	In	addition	to	the	release	of	enzymes,	it	has	been	reported	that	S.	sclerotiorum	releases	many	other	proteins	that	can	influence	disease	progression.	Several	potential	effectors	were	identified	to	facilitate	necrotrophic	colonization	by	causing	host	necrosis	or	host	PCD.	It	was	discovered	by	Zuppini	et	al.	(2005)	that	an	endo-polyglalacturonase	(endo-PG)	could	modulate	host	cytosolic	Ca2+	signaling,	leading	to	the	PCD	featured	by	chromatin	condensation,	apoptotic	nuclei	and	activation	of	the	cytochrome	c/caspase	9	pathway.	However,	this	study	did	not	give	evidence	to	show	that	the	effects	on	host	cells	were	independent	of	cell-wall	degrading	abilities.	Yet	subsequently,	a	protein	(IPG-1)	containing	a	C2	domain	(a	Ca2+-regulatory	domain)	in	canola	was	proposed	to	be	a	potential	target	in	host	cells	for	sspg1d,	one	of	the	endo-PGs	of	S.	sclerotiorum	(Wang	et	al.	2009).	These	factors	were	observed	to	interact	with	each	other	both	in	vivo	and	in	vitro.	Moreover,	this	protein	presented	a	dynamic	subcellular	localization	from	the	plasma	membrane	to	throughout	the	cytosol,	both	before	and	after	Ca2+	ionophore	treatment.	Although	the	mechanism	of	how	the	endo-PG	functioned	as	an	effector	is	still	unrevealed,	the	author	postulated	that	the	interaction	between	the	endo-PG	and	IPG-1	could	interfere	with	the	successful	binding	of	IPG-1	and	Ca2+,	thus	promoting	the	occurrence	of	PCD.	Two	recent	studies	additionally	reported	a	secretory	protein	with	a	putative	Ca2+-binding	EF-hand	motif,	Ss-caf1,	and	a	cysteine-rich	small	secretory	protein,	SsSSVP1,	to	be	possible	effectors	of	S.	sclerotiorum	(Xiao	et	al.	2014;	Lyu	et	al.	2016).	Both	of	these	proteins	were	closely	associated	with	virulence,	and	their	transient	expression	in	tobacco	leaves	led	to	significant	cell	death.			As	a	transition	of	lifestyles	for	S.	sclerotiorum	has	been	discussed	above,	some	of	these	secretory	proteins	might	play	important	roles	in	modulating	host	defense	responses	during	different	phases	of	infection,	similar	to	OA.		Zhu	et	al.	(2013)	found	that	SSITL,	an	integrin-like	protein,	could	be	a	potential	effector	protein	that	suppressed	host	resistance	during	initial	biotrophy-like	stages	of	infection.	The	expression	of	this	gene	was	characterized	as	being	highly	induced	at	3	days	when	S.	sclerotiorum	was	grown	on	PDA	
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medium,	and	at	1.5	to	3.0	hpi	after	inoculation	on	Arabidopsis,	which	suggested	that	it	could	be	both	involved	in	sclerotial	development	and	pathogenesis.	Immunogold	labeling	suggested	its	secretion	into	both	fungal	cell	walls	and	extracellular	matrix,	and	immunofluorescence	showed	its	release	through	the	hyphal	tips,	supporting	its	role	as	an	effector	for	early	infection	promotion.	SSITL	silenced	transformants	by	RNAi	technology	exhibited	a	range	of	abnormal	vegetative	growth	and	significantly	reduced	virulence	on	
Brassica	napus.	More	interesting,	further	investigation	of	the	mechanism	showed	that	this	potential	effector	could	largely	delay	the	induced	expressions	of	PDR1.2	and	PR1,	signs	of	jasmonic	acid	and	salicylic	acid	signaling	pathways,	respectively.		Since	the	interference	with	host	defense	response	is	critical	for	establishment	of	infection	(Kabbage	et	al.,	2015),	it	is	possible	that	S.	sclerotiorum	also	possesses	other	effectors	that	contribute	in	a	similar	way	as	SSITL.	This	newly	emerging	topic	seems	worthy	of	deeper	exploration.	Using	bioinformatics	methods	is	considered	to	be	a	fast	way	to	identify	putative	effector	candidates.	A	broad	analysis	of	the	genome	sequence	data	suggested	over	600	secreted	proteins	from	S.	sclerotiorum,	based	on	the	N-terminal	leader	peptides	predicted	by	SignalP	and	elimination	of	genes	coding	for	carbohydrate-active	enzymes	and	peptidases	(Amselem	et	al.	2011).	With	the	same	dataset,	another	study	initially	identified	more	than	700	protein	genes	in	the	predicted	secretome,	but	then	narrowed	the	candidate	list	down	to	486	proteins,	based	on	their	expressions	in	planta,	by	referring	to	the	published	EST	and	microarray	data	(Guyon	et	al.	2014).	Moreover,	looking	for	proteins	that	possessed	conserved	fungal	effector	domains,	exhibited	signatures	of	positive	selection,	had	recent	gene	duplications,	and	were	S.	sclerotiorum	specific	yet	showed	analogies	to	known	protein	fold	in	predicted	3D	structure,	reduced	this	candidate	list	to	just	78	effector	candidates.	The	author	highlighted	a	predicted	subtilisin	inhibitor	and	three	S.	sclerotiorum-specific	toxin-analagous	proteins	for	further	functional	investigation.	Considering	the	release	of	all	these	proteins	with	numerous	functions,	in	addition	to	the	release	of	the	multi-functional	oxalic	acid,	the	host	plant	has	a	lot	to	deal	with!	 			
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High-throughput	gene	expression	studies	on	Sclerotinia-host	interactions	In	attempts	to	obtain	a	more	comprehensive	view	on	Sclerotinia-host	interactions,	several	studies	on	high-throughput	transcriptome	expression	were	conducted	as	these	analyses	enable	one	to	create	a	whole	picture	of	what	molecular	and	biological	processes	might	be	involved	in	both	pathogenesis	and	plant	defense.	As	early	as	in	2007,	two	studies	were	published	using	an	Arabidopsis	thaliana	microarray	platform	consisting	of	26,000	
Arabidopsis	genes	to	characterize	the	transcriptomes	of	Brassica	napus	L.	in	response	to	
Sclerotinia	(Zhao	et	al.	2007;	B.	Yang	et	al.	2007).	Although	the	genome	sequence	was	not	fully	covered	with	these	early	microarrays,	still	more	than	1,000	genes	were	identified	as	being	differentially	expressed	after	infection	in	both	of	the	studies.	These	results	suggested	a	majority	of	genes	significantly	up-	or	down-regulated	were	involved	in	plant	signal	transduction,	pathogenesis-related	proteins,	ROS	metabolism	and	cell	wall	integrity.	With	the	development	and	enrichment	of	microarray	slide	libraries	for	many	hosts	other	than	Arabidopsis,	the	study	of	Sclerotinia-plant	interaction	was	extended.		The	OxO	transgenic	soybean	material	described	above	(Donaldson	et	al.	2001;	Davidson	et	al.	2016)	was	used	in	two	high-throughput	gene	expression	studies	to	investigate	the	physiological	basis	of	soybean	defense	to	Sclerotinia.	The	first	study	(Calla,	Blahut-Beatty,	Koziol,	Zhang,	et	al.	2014)	used	soybean	leaves	of	this	transgenic	genotype	(OxO)	and	its	susceptible	non-transgenic	parent	genotype	(AC)	sampled	at	12,	24	and	36	hpi	using	fully	colonized	detached	flowers	as	inoculum.	Although	OA	secretion	was	reduced	in	the	transgenic	line,	the	comparative	transcriptomic	data	showed	that	many	of	the	same	sets	of	genes	were	changed	similarly	in	the	same	direction	across	genotypes,	such	as	genes	related	to	the	cell	wall,	ethylene	and	jasmonic	acid	signaling	pathways,	phenylpropanoid	pathway	components,	and	WRKY	transcription	factors,	indicating	a	basal	defense	was	activated	commonly	in	both	genotypes,	but	was	somewhat	more	robust	in	the	more	resistant	OxO	transgenic.	This	quantitative	nature	of	difference	between	compatible	and	incompatible	interaction	was	also	documented	for	plants	response	to	
Pseudomonas	syringae	(Tao	et	al.	2003;	Zou	et	al.	2005).		Despite	large	similarities,	the	OxO	genotype	showed	a	higher	level	of	up-regulation	for	many	genes	from	12	hpi	to	24	hpi	compared	to	AC	genotype	but	then	dampened	off	at	36	hpi.	The	genes	that	exhibited	higher	induction	in	OxO	include	several	PR	proteins,	secondary	metabolism-related	genes	
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and	matrix	metalloproteinases.	Among	genes	with	significantly	reduced	expression	over	time,	the	number	of	genes	in	the	AC	genotype	was	about	five	times	as	many	as	that	in	OxO.	Supportive	evidence	for	this	pattern	came	from	photosynthesis-related	genes,	with	75%	genes	more	reduced	in	AC	than	OxO.	In	addition,	of	the	ten	genes	with	the	most	difference	in	the	direction	of	expression	change	across	the	two	genotypes,	eight	were	associated	with	photosynthesis	or	the	redox	state	of	the	cell,	suggesting	the	ability	of	OA	modulating	the	cell	redox	environment	leading	to	successful	disease	establishment,	similarly	as	concluded	by	Williams	et	al.	(2011).	This	study	also	investigated	the	differential	expressions	of	critical	enzymes	in	the	lignin	biosynthesis	pathway	and	found	gene	expression	for	most	of	them	were	strongly	induced,	the	result	conflicting	with	a	stem-inoculation	study	(Calla	et	al.	2009).	The	opposing	results	could	be	due	to	different	tissues	(stem	versus	leaf)	or	different	time	points,	yet	this	question	still	needs	to	be	further	explored.	In	the	same	year,	another	study	using	AC	and	OxO	as	soybean	materials	came	out	to	characterize	more	directly	the	role	of	OA	in	the	S.	sclerotiorum-soybean	interaction	(Calla	et	al.,	2014).	Soybean	leaves	from	the	two	genotypes	were	infiltrated	with	5	mM	OA	at	pH	2.4,	water	at	pH	2.4	(pH	adjusted	with	HCl,	an	acid	that	does	not	have	any	chelating	properties)	and	water	at	pH	5.5,	and	the	transcriptome	was	characterized	at	2	h	post	infiltration.	As	proposed	by	many	studies	on	the	importance	of	the	low	pH	property	of	OA	for	successful	S.	sclerotiorum	infection	(Xu	et	al.	2015;	Favaron	et	al.	2004),	most	of	genes	(>1000)	showed	a	statistically	significant	expression	change	in	response	to	OA	at	pH	2.4	versus	water	at	pH	5.5.	Many	genes	induced	by	OA	plus	acidity	were	closely	related	to	basal	defense	and	overlap	with	those	selected	out	from	the	S.	sclerotiorum-infection	study	described	above.	For	example,	the	phenylpropanoid	pathway,	cytochrome	P450	and	glutathione	S-transferases,	peroxidases	and	PR	proteins	were	all	induced.	When	looking	into	the	effects	of	OA	independent	of	low	pH,	by	comparing	expression	changes	in	leaves	in	response	to	OA	at	pH	2.4	versus	water	at	pH	2.4,	there	were	78	genes	considered	significant,	supporting	that	OA	is	not	affecting	the	host	through	low	pH	only.	Notably,	eight	of	the	genes	that	changed	independent	of	pH	were	coding	for	ferritin	or	ferritin	subunits.	The	induction	of	ferritins	was	confirmed	by	an	additional	non-replicated	RNA-Seq	experiment	conducted	to	verify	the	microarray	data.	As	RNA-Seq	advanced	the	
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coverage	of	transcriptome,	other	iron-related	genes	were	also	identified	as	being	induced	by	OA,	such	as	a	cytochrome	b561	and	ferric	reductases/oxidases.	Based	on	the	observations	of	both	datasets,	the	authors	proposed	that	OA	released	by	S.	sclerotiorum	might	be	chelating	iron	out	of	ferritin,	as	well	as	out	of	other	iron-containing	cellular	components	in	the	host,	weakening	defense,	and	enhancing	cell	death.	Interestingly,	the	author	noted	that	no	ferritin	genes	were	significantly	induced	by	infection	of	the	pathogen	(Calla	et	al.	2009;	Calla	et	al.	2014),	suggesting	that	the	OA	is	releasing	iron,	but	when	the	fungus	is	present,	the	fungus	is	taking	up	the	iron	before	it	accumulates	to	the	threshold	levels	needed	to	trigger	ferritin	gene	expression.	These	expression	studies	real	that	the	S.	
sclerotiorum	–	host	interactions	are	quite	complex.	The	complexity	of	gene	networks	involved	in	Sclerotinia	defense	response	calls	for	a	higher-resolution	and	more	comprehensive	technology.	As	RNA-Seq	is	more	and	more	widely	used	in	high-throughput	studies,	Wu	et	al.	(2016)	conducted	a	comparative	transcriptome	analysis	using	RNA-Seq	between	a	resistant	(R)	and	a	susceptible	(S)	line	of	Brassica	napus.	They	identified	more	than	9,000	genes	as	showing	significant	differences	between	the	two	genotypes,	consisting	of	about	6,000	genes	up-regulated	and	3,000	genes	down-regulated	in	the	R	line	compared	to	the	S	line.	Gene	ontology	(GO)	enrichment	analysis	indicates	the	potentially	important	roles	of	genes	responding	to	chitin,	fungus,	cadmium	ion	and	hydrogen	peroxide	in	the	defense	response.	Moreover,	the	glycolysis	process	was	significantly	enriched	for	genes	up-regulated	in	the	R	line	while	the	starch	biosynthetic	process	was	enriched	for	genes	down-regulated	in	the	R	line,	suggesting	B.	napus	switched	from	the	anabolic	to	the	catabolic	state	to	provide	energy	or	substrates	for	defense	use.	Taking	advantages	of	the	high	coverage	of	RNA-Seq,	this	study	also	systematically	and	thoroughly	characterized	the	regulation	of	a	variety	of	biological	pathways	by	searching	the	B.	napus	genome	for	homologs	of	genes	identified	for	these	pathways	in	Arabidopsis,	a	well-studied	model	organism.	Through	this	method,	the	networks	of	many	genes	were	depicted	and	a	more	detailed	comparison	between	two	genotypes	was	presented,	involving	RLK-mediated	pathogen	recognition,	MAPK	signaling	cascades,	WRKY	transcription	regulation,	glucanases	and	chitinases,	hormone	signaling	pathways	and	glucosinolate	synthesis.	A	pattern	was	observed	that	the	R	line	induced	a	more	dramatic	basal	defense	response	by	most	of	the	pathways	investigated,	which	was	
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supportive	of	the	conclusions	in	Calla	et	al.	(2014)	using	soybean	as	the	host.	Interestingly,	in	addition	to	the	large	induction	of	JA	and	ET	that	were	widely	reported	for	plant	defense	to	S.	sclerotiorum,	the	salicylic	acid	(SA),	auxin,	abscisic	acid	(ABA)	and	gibberellic	acid	(GA)	pathways	mostly	exhibited	noticeable	inhibition	in	both	genotypes.	However,	the	cross-talk	between	different	hormone-related	pathways	might	be	more	complicated.	Stotz	(2007)	and	Zhu	et	al	(2013)	evaluated	the	expression	of	PR1	in	
Arabidopsis	after	inoculation	and	both	studies	noted	its	negligible	induction.	The	npr1	mutant	Arabidopsis	defective	in	SA	signaling	was	found	to	be	hypersusceptible.	Moreover,	several	auxin-related	genes	were	identified	as	significantly	induced	in	response	to	OA	infiltration	or	S.	sclerotiorum	infection	(Calla	et	al.,	2014a;	Calla	et	al.,	2014b).	Thus	there	is	a	possibility	that	the	plant	defense	to	S.	sclerotiorum	may	also	involve	the	SA	and	auxin	pathways,	yet	the	detailed	mechanisms	still	awaits	further	investigation.		
Conclusions		 From	de	Bary’s	keen	observation	of	the	secretion	of	PCWDEs	and	OA	from	S.	
sclerotiorum,	studies	for	this	pathogen	continued	to	focus	mainly	on	these	traits	for	more	than	100	years.	This	review	presents	the	story	of	how	scientists	have	succeeded	to	go	deeper	and	deeper	towards	understanding	these	two	factors,	plus	added	new	twists.	The	review	also	shows	how	pathologists	working	on	S.	sclerotiorum-host	interaction	kept	up	with	the	revolutions	of	science	and	utilized	the	new	technologies	as	they	came	along,	including	new	methods	from	basic	physiology,	biochemistry,	molecular	biology	and	finally	to	bioinformatics.	Through	these	diligent	efforts,	a	variety	of	PCWDEs	have	been	identified,	multiple	functions	of	OA	have	been	explored	and	other	disease-contributing	factors	have	been	characterized.	On	the	host	side,	extensive	defense	responses	at	the	gene	level	have	been	investigated	to	enhance	our	understanding	of	quantitative	plant	resistance	to	S.	sclerotiorum	and	to	provide	options	for	better	solutions	in	disease	control.	However,	this	review	has	also	shown	that	many	aspects	of	the	S.	sclerotiorum-host	molecular	interactions	still	remain	murky	or	debated.	Therefore,	the	research	continues	at	a	rapid	pace	to	further	understand	these	dynamic	and	complex	host-pathogen	systems.		Figure	1.2	diagrams	a	proposed	summary	of	events	that	are	occurring	during	S.	
sclerotiorum	infection,	much	of	which	was	discussed	in	this	review	and	is	at	least	partially	
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supported	by	the	literature.	For	additional	perspectives	on	the	molecular	interactions	between	plants	and	S.	sclerotiorum,	readers	should	also	refer	to	the	very	recent	mini	review	by	Mbengue	et	al.		(2016).																													
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FIGURES	
	
	Figure	1.1	The	molecular	form	of	oxalic	acid	at	different	pH	levels.	Note,	the	apoplast	of	plant	cells	is	about	pH	5.6.	During	initial	infection,	most	of	oxalic	acid	would	be	fully	depronated,	whereas	after	the	acid	level	builds	up,	the	pH	would	lower,	and	the	pH	is	often	measured	to	be	somewhere	between	2	and	4	during	S.	sclerotiorum	infection,	meaning	that	the	oxalic	acid	would	be	mostly	mono-basic	(mono-protonated).			
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	Figure	1.2	Postulated	dynamic	molecular	events	occurring	in	early	and	late	host-S.	
sclerotiorum	interaction	stages.	Most	pathways	shown	here	were	also	mentioned	in	the	text,	with	some	literature	to	support	their	assumption.	Red:	fungal	molecules;	blue:	host	molecules	or	components;	brown	arrows:	fungal	activities	or	negative	impacts	on	host	cells;	blue	arrows:	host	defense	response	that	should	benefit	host	defenses;	dash	arrow:	unknown	pathways	could	be	involved.	PCWDE:	plant	cell-wall-degrading-enzymes;	OA:	oxalic	acid;	PG:	polygalacturonase;	DAMPs:	damage-associated	molecular	pattern;	MAMP:	microbe-associated	molecular	pattern;	PRR:	pattern	recognition	receptors;	ETC:	electron	transport	chain;	ROS:	reactive	oxygen	species;	PCD:	programmed	cell	death.	PCWDEs	(A)	PCWDEs	are	enhanced	by	OA	in	several	ways.	Endo-PGs,	as	one	of	the	example,	generates	DAMPs	by	degrading	cell	walls	and	also	interferes	with	IPG-1	and	calcium	signaling,	contributing	to	PCD.	In	early	events,	under	low	OA	conditions,	the	host	initiates	defense	responses	including	MAMPs	triggered	defense	signaling	pathways	(D),	transcriptions	of	host	defense-related	genes	and	calcium	influx	(F)	into	cytoplast	that	induces	host	oxidative	burst.	However	even	at	low	concentrations	of	OA,	many	of	the	diverse	defense	responses	become	more	and	more	suppressed	by	OA	(B)	leading	to	reduced	calcium	signaling,	inhibited	callose	deposition,	modulated	redox	that	suppresses	the	oxidative	burst,	and	the	chelation	of	various	cations	that	are	needed	by	numerous	host	enzymes	for	healthy	metabolism.	In	later	events,	as	OA	concentrations	continue	to	increase,	not	only	the	host	defense	is	further	weakened,	but	also	host	PCD	is	elicited	by	accumulated	high	concentrations	of	OA	(G)	perhaps	stimulating	ROS	by	chelating	iron	out	of	the	ETC.	Other	secretory	proteins	(C)	functions	by	either	suppressing	host	defense	in	early	events	or	inducing	cell	death	in	later	events.	
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CHAPTER	2:	RNA-SEQ	DATA	ANALYSIS	OF	SOYBEAN-SCLEROTINIA	SCLEROTIORUM	
INTERACTION	(SOYBEAN	PART)		
Introduction		 Sclerotinia	stem	rot	(SSR),	also	referred	to	as	white	mold,	poses	a	threat	to	soybean	production	worldwide.	From	1996	to	2009,	the	yield	loss	per	year	in	the	US	was	estimated	to	be	greater	than	10	million	bushels	(270	million	kg)	for	seven	of	the	14	years	surveyed.	Based	on	the	market	value	of	soybean,	the	highest	estimated	loss	per	year	in	the	US	was	560	million	dollars	in	2009	(Peltier	et	al.	2012).	The	disease	is	devastating	and	difficult	to	control.	The	causal	agent,	Sclerotinia	sclerotiorum	(Lib.)	de	Bary,	can	survive	in	the	soil	in	a	dormant	form	for	more	than	10	years.	It	takes	little	inoculum	and	a	short	period	to	result	in	substantial	amounts	of	disease,	if	the	conditions	are	ideal	for	the	pathogen:	cool	temperatures	and	very	high	humidity	during	flowering	(Chamberlain	1951).	Plus,	this	pathogen	has	an	extremely	broad	host	range	of	more	than	400	dicotyledonous	plant	species,	which	minimizes	the	effect	of	agronomic	practices	like	crop	rotation	for	managing	this	disease.	Additionally,	the	use	of	fungicides	results	in	inconsistent	inhibitions	when	the	disease	incidence	is	high,	and	development	of	resistance	to	fungicide	is	always	a	possibility.	The	final	important	point	is	that	natural	complete	resistance	has	not	been	reported	to	exist	in	soybean,	and	single	gene	resistance	does	not	seem	to	occur,	which	is	typical	of	resistance	to	necrotrophic	pathogens	where	quantitative	resistance	is	the	norm.	Although	the	conventional	breeding	for	S.	
sclerotiorum	resistance	is	ongoing,	the	best	genotypic	resistance	found	to	SSR	is	only	partial	(Hoffman	et	al.	2002;	Guo	et	al.	2008;	X.	Zhao	et	al.	2015).		 	To	identify	genes	that	control	the	quantitative	resistance	to	S.	sclerotiorum,	pathologists	and	breeders	are	turning	to	molecular	studies	such	as	genome-wide	association	studies	(Wei	et	al.	2015;	Iquira,	Humira,	and	François	2015),	the	use	of	RNA	expression	(Calla	et	al.	2009;	Calla,	Blahut-Beatty,	Koziol,	Zhang,	et	al.	2014;	Wu	et	al.	2016)	and	biochemical	studies	(Yajima	and	Kav	2006;	Liang	et	al.	2015);	some	of	these	approaches	also	shed	light	on	possible	molecular	changes	occurring	during	disease.	One	of	the	most	important	molecular	factors	affecting	SSR	disease	progress	is	oxalic	acid	(OA),	which	is	recognized	as	the	major	virulence	factor	of	S.	sclerotiorum.	For	example,	OA-
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deficient	mutants	could	only	produce	limited	lesions	on	a	variety	of	hosts,	and	only	after	wounding	(Liang	et	al.	2015).	It	was	proposed	that	OA	has	multiple	functions,	such	as	suppression	of	the	host	oxidative	burst,	manipulation	of	the	host	redox	status,	chelation	of	metal	ions	involved	in	signaling	and	multiple	cellular	processes,	and	elicitation	of	the	plant	hypersensitive	responses	(Cessna	et	al.,	2000;	Williams	et	al.,	2011;	Calla,	Blahut-Beatty,	Koziol,	Simmonds,	et	al.,	2014;	Lumsden,	1979;	reviewed	in	Wei	and	Clough	2016).	Therefore,	transforming	plants	with	an	OA-degrading	oxidase	(OxO)	enzyme,	a	susceptible	soybean	line	named	AC	Colibri	(AC)	gained	strong	resistance	to	S.	
sclerotiorum,	that	substantially	reduced	the	disease	severity	after	inoculation	(Donaldson	
et	al.	2001).	Since	AC	and	the	OxO	transgenic	lines	share	the	same	genetic	background	but	react	differently	to	infection,	these	two	lines	are	ideal	research	materials	to	explore	the	defense-related	biological	processes	and	associated	genes,	and	to	understand	the	roles	of	OA	which	is	actively	removed	in	the	OxO	transgenic.		 	In	attempts	to	obtain	a	more	comprehensive	view	on	plant	defense	responses	to	S.	
sclerotiorum,	high-throughput	transcriptomic	analyses	were	conducted	in	a	variety	of	host	plants,	like	Arabidopsis	thaliana	(Zhao	et	al.	2007),	canola	(B.	Yang	et	al.	2007),	and	soybean	(Calla	et	al.,	2009:	Calla,	et	al.,	2014a;	Calla,	et	al.,	2014b).	Many	biological	pathways	were	highly	induced	after	infection	in	these	studies,	such	as:		pathogenesis-related	(PR)	genes,	ethylene	signaling,	reactive	oxygen	species	metabolism,	isoflavonoids	and	anthocyanins	biosynthesis.	The	AC	soybean	line	and	the	OxO	line	mentioned	above	were	also	used	in	microarray-based	transcriptomic	studies	(Calla,	et	al.,	2014a;	Calla,	et	
al.,	2014b).	In	addition	to	revealing	that	over	1000	genes	were	responding	to	the	S.	
sclerotiorum	stimulus,	it	was	also	observed	that	the	transgenic	OxO	line	exhibited	a	stronger	induction	of	basal	defenses	than	AC.	The	earliest	time	point	characterized	in	the	soybean	microarray	studies	was	12	hours	post	inoculation	(hpi),	and	gene	expression	changes	were	already	obvious.	Therefore,	it	was	hypothesized	that	a	study	of	even	earlier	time	points,	and	the	use	of	the	more	sensitive	detection	methodology,	RNA	sequencing	(RNA-Seq),	additional	information	on	key	determinants	of	infection	and	resistance	could	be	identified,	such	as	identification	of	the	transcription	factors	and	signaling	components	that	initiate	the	defense	responses.	Additionally,	using	an	RNA-Seq	approach,	the	S.	
sclerotiorum	genes	that	are	changing	in	expression	during	the	infection	process	can	also	
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be	detected	(detailed	in	Chapter	3).	Thus,	for	this	study,	the	transcriptomes	of	the	leaves	of	AC	and	the	transgenic	OxO	line	were	captured	using	RNA-Seq	at	4	and	8	hour	post	inoculation	(hpi)	of	S.	sclerotiorum.	Through	comparing	the	inoculated	and	mock-inoculated	leaves,	as	well	as	comparing	the	leaves	from	the	two	genotypes,	the	goals	of	this	study	were	to	(1)	identify	defense-related	genes/regulators	and	biological	processes	induced	during	initial	infection	stages	and	(2)	ascertain	insights	into	the	multiple	effects	of	OA	on	soybean	physiology	at	these	stages	of	infection	as	well.		
Materials	and	Methods	
Inoculations	and	sampling	for	RNA-Seq	(performed	by	Dr.	Simmonds’	lab	at	Agriculture	and	
Agri-Food	Canada,	Ottawa)				 Soybean	plants	of	the	OxO	transgenic	resistant	line	80(30)-1	and	the	susceptible	parent	AC	Colibri	were	grown	in	growth	chambers	at	26°C	/24°C	days/nights,	with	a	13-h	photoperiod.	At	the	V4	stage,	they	were	transferred	to	a	mist	chamber	for	overnight	misting	prior	to	inoculation.	To	prepare	the	inoculum,	fresh	soybean	flowers	were	inoculated	with	S.	sclerotiorum	ascospores	suspended	in	0.006%	Triton	X-100	and	then	incubated	in	a	fully	humid	Petri	dish	for	3	days	to	produce	mycelia.	For	the	mock	inoculum,	flowers	were	treated	with	0.006%	Triton	X-100	and	incubated	in	the	same	condition	for	3	days.	To	inoculate,	ascospore-infected	flowers	and	mock-infected	flowers	were	transferred	to	the	interveinal	surface	of	the	trifoliate	leaves	of	each	soybean	genotype.	At	4	and	8	hpi,	leaf	samples	beneath	flowers	were	taken	as	leaf	discs	(diameter~1cm)	using	1.5	ml	microcentrifuge	tubes	as	the	leaf	punch/collection	tool,	and	immediately	frozing	in	liquid	nitrogen.	For	each	time	point	and	for	each	soybean	line,	six	leaf	discs	with	the	same	treatment	were	collected	from	different	leaves	of	a	soybean	plant	and	pooled	together	as	one	biological	replicate.	Three	biological	replicates	were	obtained	from	three	different	soybean	plants	(Table	2.1).		
RNA	extraction	and	Illumina	sequencing		RNA	extraction,	purification	and	quantification	followed	the	procedures	described	in	Calla	et	al.	(2014a,b)	(done	by	Dr.	Daina	Simmonds’	lab).	The	RNA	samples	were	sent	to	the	Clough	Lab,	and	further	cleaned	by	removal	of	DNA	using	DNaseI	followed	by	Qiagen	
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column	filtration.	DNA-free	RNAs	were	sent	to	the	University	of	Illinois	Roy	J.	Carver	Biotechnology	Center,	UIUC	for	barcoded	RNA-Seq	library	preparation	using	Illumina's	“TruSeq	Stranded	RNAseq	Sample	Prep	kit”.	The	libraries	were	fragmented	to	an	average	cDNA	size	of	250	bp	(ranging	from	80	bp	to	700	bp),	quantitated	by	qPCR	and	pooled	into	3	pools.	Pair-end	sequencing	was	performed	with	one	lane	per	pool	and	151	cycles	from	each	end	of	the	fragments	on	a	HiSeq2500	using	a	“TruSeq	SBS	sequencing	kit	version	1”.	Reads	generated	were	150	nt	in	length.	Raw	sequence	data	were	analyzed	using	the	software	Casava	1.8.2	(Illumina),	and	separated	by	barcode.	
	
Data	processing	and	de	novo	assembly	Quality	trimming	was	preformed	using	Trimmomatic-0.33	(Bolger,	A.	M.,	Lohse,	M.,	&	Usadel,	B.,	2014),	which	removed	sequencing	adapters	(Illumina	TruSeq	Adaptor),	low	quality	fragments	with	average	base	quality	below	15	in	a	4	nt	window,	and	short	reads	less	than	30	nt.	The	quality	of	trimmed	reads	was	checked	with	fastQC	(Andews	S,	2010).	
S.	sclerotiorum	reads	were	identified	by	successful	alignment	to	the	public	S.	sclerotiorum	genome	(Broad	Institute,	MIT	and	Harvard)	using	STAR-2.4.1	(Dobin,	A.,	et	al.,	2013).	Unmapped	reads	were	assumed	to	be	soybean	transcripts	and	were	merged	together	for	
de	novo	assembly	using	Trinity	v2.0.6	(Grabherr	et	al.,	2011).		
	
Gene	differential	expression	analysis	For	each	library,	paired	reads	were	first	aligned	to	the	S.	sclerotiorum	genome	by	STAR	with	“quantMode”	option	‘On’	to	record	the	alignments	of	each	gene,	as	the	sequences	would	contain	a	mixture	of	soybean	and	S	sclerotiorum	reads.	Reads	that	did	not	match	to	S.	sclerotiorum,	were	therefore	assumed	to	be	soybean	reads,	and	were	assembled	using	Trinity	to	generate	a	transcriptome,	and	then	the	reads	were	aligned	to	Trinity	assembled	transcript	contigs	using	Bowtie	v2.2.5	(Langmead	et	al.,	2012).	Read	alignments	were	counted	by	RSEM	v1.2.20,	which	uses	the	EM	algorithm	to	solve	the	problem	of	multiple	mapping.	Statistical	analyses	were	conducted	with	EdgeR	v3.10.2	(Robinson	et	al.,	2009),	in	which	the	abundance	of	transcripts	were	estimated	in	CPM	(count	per	million	reads)	and	normalized	across	treatments	by	the	TMM	method.	Low	information	contigs,	those	that	had	less	than	3	CPM	across	all	the	treatments,	were	
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removed	before	statistical	analysis.	Twelve	pairwise	comparisons	(Figure	2.1)	between	time	points,	genotypes	and	treatments	were	performed	using	GLM	(generalized	linear	model).	Differentially	expressed	genes	(DEGs)	from	each	treatment	comparison	were	selected	out	and	combined	together	into	a	master	table.	If	a	given	comparison	did	not	include	one	treatment	with	at	least	1	CPM,	and	a	false	discovery	rate	(FDR)	lower	than	0.02	in	at	least	one	comparison.  
	
Soybean	genes	annotation	and	enrichment	analysis		 Soybean	contigs	were	annotated	by	BLASTn	megablast	(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch)	alignment	to	the	soybean	transcriptome	and	genome	from	Phytozome	v10	(https://phytozome.jgi.doe.gov/pz/portal.html).	Contigs	that	hit	within	500	bases	of	the	5’end	or	250	bases	of	the	3’end	of	soybean	transcripts	were	considered	to	match	that	proximal	transcript	(this	is	because	Phytozome	does	not	cover	the	5’	and	3’	UTRs	well).	Contigs	that	did	not	align	to	the	soybean	transcriptome	or	genome	were	aligned	to	NCBI	non-redundant	(NR)	database	using	Blastx.	Also,	the	DEGs	were	aligned	to	the	NR	database	with	an	e-value	cutoff	of	10-5	,	and	the	top	10	hits	were	kept	for	each	gene.	Based	on	the	top	10	annotations,	DEGs	were	assigned	a	specific	“gene	call”	and	categorized	into	17	groups:	cell	wall,	cell	development,	cytoskeleton,	defense,	DNA/RNA,	energy,	lipids,	membrane,	oxidation,	primary	metabolism,	protein,	secondary	metabolism,	signaling,	stress,	miscellaneous,	unknown	and	no	hits	(“unknown”	contains	hypothetical	proteins	with	domains	of	unknown	function;	whereas	“no	hits”	contains	genes	with	no	alignment	scores	with	an	e-value	more	significant	than	10-5).	Under	each	group,	DEGs	were	further	classified	into	subcategories,	the	details	of	which	can	be	seen	in	Calla	et	al.	(2009).	The	contigs	that	had	‘no	hits’	to	any	soybean	genes	were	checked	by	alignment	to	NCBI	NR	database	for	plant	or	fungal	origin.	If	the	top	10	hits	of	the	contigs	were	mostly	fungal	genes,	the	contigs	were	considered	to	be	of	S.	sclerotiorum	origin	and	were	removed	from	the	soybean	dataset,	and	transferred	to	the	S.	sclerotiorum	dataset	(discussed	in	Chapter	3).	The	GO	enrichment	analysis	was	performed	with	Soybase	GO	Term	Enrichment	Tools	(https://www.soybase.org/goslimgraphic_v2/dashboard.php)	and	the	cutoff	for	
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significant	enrichments	was	FDR-corrected	p-value	less	than	0.05.	The	enriched	GO	terms	were	trimmed	by	REVIGO	to	remove	redundant	GO	terms	(Supek	et	al.	2011).		
Results	and	Discussion	
Sequencing	data	processing	and	statistical	analysis		 RNA-Seq	generated	24	paired-end	libraries,	with	library	sizes	ranging	from	36	to	42	million	sequence	reads.	After	quality	trimming	to	removes	adapters,	low-quality	fragments,	and	short	reads,	around	97%	of	total	raw	reads	survived	for	each	library,	reflective	of	high-quality	sequencing	data	(Table	2.2).	Alignment	of	the	sequencing	reads	to	the	S.	sclerotiorum	genome	for	the	mock	samples	revealed	very	low	homology	between	the	soybean	and	S.	sclerotiorum	genomes	(0.03-0.06%).	For	the	inoculated	samples,	0.3	to	9.08%	of	the	sequence	reads	match	the	S.	sclerotiorum	genome,	with	matches	increasing	from	4	hpi	to	8	hpi.	For	the	reads	that	did	not	map	to	S.	sclerotiorum	genome,	they	were	assumed	to	be	soybean	sequences,	and	were	de	novo	assembled	into	a	total	of	195,679	Trinity	‘genes’	and	403,613	transcripts.	The	N50	for	all	transcript	contigs	was	2,103	nt.	The	alignment	rate	of	reads	aligned	to	the	de	novo	assembled	contigs	ranged	from	77%	to	85%	for	all	samples	(Table	2.2).	The	total	alignment	rate	including	both	S.	sclerotiorum	and	de	novo	contigs	averaged	as	high	as	85%.	The	estimated	read	counts	for	both	Trinity	genes	and	Trinity	transcripts	were	loaded	into	the	EdgeR	package	and	statistical	comparisons	were	conducted	separately.	For	the	following	analyses,	the	focus	was	on	the	Trinity	genes	since	they	had	less	redundancy	and	artifacts.	To	filter	out	possible	de	novo	assembled	artifacts,	the	sum	of	CPM	values	across	all	the	samples	had	to	be	greater	than	3.	This	criterion	of	filtering	kept	19%	of	the	Trinity	genes,	and	reduced	the	number	to	about	37,000,	a	reasonable	number	considering	the	predicted	protein	number,	46,430,	in	soybean	genome	(Schmutz	et	al.	2010).	Using	a	cutoff	mean	CPM	>1	in	at	least	one	treatment	comparison	and	FDR	<	0.02	(Figure	2.1),	1,006	genes	were	identified	as	significantly	differentially	expressed	genes	(DEGs).	Subsequently,	the	DEGs	with	redundant	soybean	gene	IDs	(William	82	genome	IDs)	were	merged,	and	the	1,006-DEG	list	was	reduced	into	an	876-DEG	list	(Appendix	A,	sheet	1).			
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Overall	expression	patterns	of	876	DEGs			 The	overall	expression	patterns	of	876	DEGs	were	displayed	in	a	heat	map	sorted	by	k-means	groups	(Figure	2.2).	For	the	876	genes,	the	log2	fold	changes	(ranged	from	approximately	-2	to	6)	could	be	divided	into	five	groups	using	k-means	clustering.		Most	DEGs	changed	in	the	same	direction	across	all	the	treatments,	despite	quantitative	differences	in	fold	changes.			 The	numbers	of	DEGs	resulted	from	each	pairwise	comparison	are	summarized	(Table	2.3).	There	were	a	total	of	603	DEGs	by	comparing	inoculated	leaf	samples	to	mock	samples,	101	in	AC	at	4	hpi,	263	in	OxO	at	4	hpi,	362	in	AC	at	8	hpi	and	261	in	OxO	at	8	hpi,	all	of	which	were	up-regulated	in	their	expressions	(Table	2.3A;	Appendix	A,	sheet	2),	reflecting	the	difficulty	in	identifying	statistically	significant	down	regulation	of	genes	at	these	early	time	points.	The	overlaps	and	differences	of	DEGs	induced	in	different	genotypes	and	time	points	were	displayed	in	a	Venn	diagram	(Figure	2.3).	There	were	35	DEGs	and	199	DEGs	shared	between	the	genotypes	at	4	hpi	and	8	hpi,	respectively.	At	4	hpi,	228	genes	were	significantly	changed	only	in	OxO	while	66	were	changing	only	in	AC.	At	8	hpi,	163	genes	were	significantly	expressed	only	in	AC	and	62	only	in	OxO.		Thus,	it	could	be	observed	that	more	consistency	between	genotypes	appeared	at	8	hpi	than	4	hpi.		 A	considerable	number	of	genes	(242)	were	differentially	expressed	between	time	points	(Table	2.3	B).	However,	most	of	these	genes	were	not	differentially	expressed	between	inoculated	and	mock	samples,	and	therefore	it	is	likely	that	these	DEGs	could	have	resulted	from	the	physical	stimulations	during	inoculation,	instead	of	S.	sclerotiorum	infection	(Appendix	A,	sheet	3).	Only	21	DEGs	were	also	significantly	induced	by	inoculations	(marked	yellow	in	Appendix	A,	sheet	3).		In	contrast	to	differences	led	by	inoculations	and	time	courses,	the	differences	between	genotypes	were	relatively	smaller	(Table	2.3	C).	There	were	only	57	and	18	DEGs	between	inoculated	AC	and	inoculated	OxO	at	4	hpi	and	8	hpi,	respectively.	Moreover,	most	of	these	DEGs	were	also	DEGs	obtained	by	the	comparisons	between	mock	samples	of	two	genotypes,	and	they	were	not	induced	by	S.	sclerotiorum	inoculation	significantly	(Appendix	A,	sheet	4).	Possibly,	the	differences	were	due	to	the	effects	of	the	transgene,	which	is	a	constitutively	expressed	oxalate	oxidase	gene,	which	coverts	OA	to	
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hydrogen	peroxide,	a	known	stimulator	of	defenses	(Donaldson	et	al.	2001).	The	differences	will	be	further	discussed	in	the	last	section	of	this	chapter.		
Annotations,	functional	categories	and	GO	enrichment	analysis	of	DEGs			 To	explore	the	induced	plant	defense	responses	to	S.	sclerotiorum,	603	DEGs	that	were	differentially	expressed	in	inoculated	compared	to	mock	samples	were	annotated.	They	were	divided	into	16	categories	(Figure	2.4A)	and	67	subcategories	(Figure	2.4B).	Only	3.3%	(20)	of	the	603	DEGs	had	no	hits	in	the	NCBI	NR	database	with	e-values	lower	than	10-5,	but	as	many	as	19.2%	hit	‘unknown’	proteins,	which	hinders	the	full	interpretation	of	function	of	DEGs.	Apart	from	these	two	categories,	the	top	functional	categories	included	signaling	(16.3%),	DNA/RNA	(11.6%),	protein	(8.8%),	membrane	(8.6%)	and	defense	(7%).	For	subcategories,	many	DEGs	were	classified	as	“kinase”	under	“signaling”,	and	“gene	regulation”	under	“DNA/RNA”,	reflecting	the	identify	of	genes	that	could	be	involved	in	early	signal	transduction	pathways	and	transcriptional	control	that	were	activated	in	response	to	the	initial	infection	processes.	Besides	assigning	functional	categories	manually,	an	automated	GO	enrichment	analysis	was	also	performed	to	assess	similarities	and	differences	of	transcriptomic	changes	in	certain	biological	processes	after	S.	sclerotiorum	infection.	GO	analysis	was	conducted	for	two	DEG	subsets:	467	DEGs	in	OxO	and	382	DEGs	in	AC	that	were	significantly	changed	in	at	least	one	time	point.	With	the	cutoff	FDR-corrected	p-value	at	0.05,	both	OxO	and	AC	had	30	GO	terms	overrepresented	after	GO	redundancy	trimming	(Figure	2.5),	where	as	nine	and	11	GO	terms	were	underrepresented	for	OxO	and	AC	respectively	(data	not	shown).		 A	total	of	22	overrepresented	GO	terms	were	shared	between	OxO	and	AC,	and	these	biological	processes	were	suggested	to	be	common	responses	to	S.	sclerotiorum	(Figure	2.5).	The	most	significant	and	abundant	terms	included	responses	to	a	variety	of	stimuli	such	as	to	fungi,	chitin,	wounding	and	mechanical	stimuli.	Additionally,	many	biological	processes	characterized	as	typical	early	defense	responses	were	also	enriched.	For	example,	“respiratory	burst	involved	in	defense	response,”	“response	to	oxidative	stress,”	and	“regulation	hydrogen	peroxide	metabolic”	suggested	that	an	oxidative	burst,	which	is	a	rapid	plant	defense	response	in	a	diversity	of	plant-pathogen	interactions	
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(Wojtaszek	1997),	was	also	apparently	triggered	by	S.	sclerotiorum	infection	of	soybean.	Early	defense	signal	transductions	were	also	activated	through	various	hormone	signaling	pathways,	including	ethylene	and	jasmonic	acid	pathways.	Two	GO	terms	“chalcone	biosynthetic	process”	and	“regulation	of	anthocyanin	biosynthetic	process”	suggested	that	in	soybean,	the	defensive	secondary	metabolism	pathways	were	activated	in	these	very	early	time	points.	As	for	the	differences	between	genotypes,	intracellular	signal	transductions	involving	“protein	autoubiquitination”	and	“MAPK	cascade”	were	only	significantly	enriched	in	AC.	Although	some	GO	terms	were	only	represented	in	one	genotype,	similar	or	overlapping	GO	terms	were	represented	in	the	other,	which	suggested	that	two	genotypes	might	have	activated	different	genes	involved	in	the	same	pathway.	For	instance,	“systemic	acquired	resistance”	was	only	enriched	in	AC	while	the	other	term	“SA	biosynthetic	process”	was	in	OxO.	A	similar	situation	was	seen	in	JA-related	GO	terms,	too.	These	different	GO	categorizations	could	also	be	reflective	of	subtle	differences	between	the	two	genotypes,	or	inefficiencies	in	the	software	programs	leading	to	subtle	errors	in	functional	annotation	conclusions.	
	
Hormone	signaling	pathways	Hormone	signaling	pathways	were	well	known	to	be	involved	in	plant	defense	responses	to	necrotrophic	fungus	(Guo	and	Stotz	2007;	Calla	et	al.	2009;	Novakova	et	al.	2014).	All	the	DEGs	involved	in	JA	and	SA	pathways	were	listed	based	on	GO	term	annotations	(Figure	2.6,	2.7).	Both	AC	and	OxO	were	observed	to	induce	the	JA	pathway	significantly,	even	as	early	as	4	hpi,	and	many	of	the	DEGs	were	critical	players	in	the	JA	pathway	(Figure	2.6A),	such	as	various	transcription	factors	including	WRKY	33,	NAC	2,	MYB4	and	ZAT10.	WRKY	transcription	factor	33,	which	had	four	different	transcripts	as	DEGs,	is	a	critical	regulator	of	SA	and	JA	crosstalk	and	was	reported	to	confer	resistance	in	????	to	Botrytis	cinerea	by	negatively	regulating	the	SA	pathway	and	thus	avoiding	repression	of	the	JA	pathway	by	the	SA	pathway	(Birkenbihl	et	al.,	2012;	Zheng	et	al.,	2006).	Besides,	“ethylene-responsive	transcription	factor	1B”	is	proposed	to	be	the	node	that	integrates	the	signals	from	JA	and	ethylene	pathway	and	“1-aminocyclopropane	-1-carboxylate	synthase”	(a	critical	enzyme	in	ethylene	synthesis),	supporting	the	
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conclusions	that	JA	and	ethylene	signaling	pathways	worked	synergistically	to	defend	against	necrotrophic	fungal	pathogens		(Lorenzo	et	al.	2003;	Pré	et	al.	2008;	Stotz	2007)	and	are	involved	in	soybean	response	to	S.	sclerotiorum.	JA-related	DEGs	that	were	significant	only	in	OxO	generally	exhibited	a	weaker	induction	than	others,	and	a	few	showed	high	inductions	in	OxO	only	at	4	hpi	(Figure	2.6	C).	For	example,	one	“patatin-like	phospholipase”,	three	“SNAP33-like”	and	one	“syntaxin-121-like”	were	all	up-regulated	at	4	hpi	vs	mock.	Syntaxin-121	was	required	for	cell-wall-based	resistance	to	a	variety	of	pathogens,	such	as	secreting	antimicrobial	compounds	and	cell-wall	precursors	at	the	pathogen	infection	site	(Voigt	2014;	Pajonk	et	al.	2008;	Collins	et	al.	2003).	Also,	this	protein	was	shown	to	inhibit	SA	accumulation	and	mediated	pathogen-induced	programmed	cell	death	(PCD)	(Zhang	et	al.	2007).		Many	of	the	DEGs	that	were	mapped	to	SA-related	GO	terms	might	work	as	negative	regulators	of	the	SA	pathway	(Figure	2.7),	such	as	WRKY	33	transcription	factors	and	two	syntaxin-121-like	proteins	mentioned	above	(Figure	2.7B,C).	Four	DEGs	annotated	as	“BON1-associated	protein	2	”	and	their	reported	interacting	protein	BON1	were	proposed	to	reduce	SA-mediated	basal	defense	responses	against	bacterial	and	oomycetes	pathogens	and	mitigate	hypersensitive	cell	death	(Tomsig	et	al.	2002;	Yang	et	
al.,	2006).	This	result	was	consistent	with	a	transcriptomic	study	of	Brassica	napus	–	S.	
sclerotiorum	pathosystem	where	the	genes	involved	in	SA	production	and	signaling	showed	virtually	no	up-regulation	and	even	exhibited	significant	down-regulation	(Wu	et	
al.	2016).	However,	several	DEGs	could	be	suggestive	of	the	occurrence	of	SA	signaling.	For	example,	the	“salicylic	acid-binding	protein	2”	was	strongly	induced	in	both	genotypes	supporting	defense	in	Arabidopsis	thaliana	involved	SA	(Stotz	2007).		To	more	thoroughly	examine	the	transcriptional	behavior	of	hormone	signaling	pathways,	all	the	key	genes	identified	to	be	in	these	pathways	in	A.	thaliana	were	aligned	to	the	soybean	contigs	(e-value	<	10-20)	and	the	expressions	of	the	homologues	were	shown	in	Figure	2.8.	Although	not	statistically	significantly	induced,	most	genes	participating	in	JA/ET	biosynthesis	and	signaling	clearly	exhibited	high	fold	changes.	In	contrast,	most	genes	in	either	SA	biosynthesis	or	signaling	had	almost	no	changes.	For	example,	genes	encoding	for	the	key	enzyme	ICS	(isochorismate	synthase)	and	regulatory	protein	NPR1	did	not	change.	We	also	identified	abscisic	acid	(ABA)	as	involved	in	the	S.	
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sclerotiorum	–	soybean	interaction.	The	expression	of	genes	encoding	key	enzymes	for	ABA	biosynthesis,	NCEDs,	was	highly	induced,	and	several	PYLs	that	worked	as	ABA	receptors	in	plant	cells	were	weakly	induced	(Figure	2.5)	(Zhang	et	al.,	2009;	Gonzalez-Guzman	et	al.	2012).	The	GO	enrichment	analysis	suggested	ABA-mediated	signaling	pathway	was	also	involved	(Figure	2.5).	However,	whether	ABA	contributes	or	suppresses	plant	defense	to	S.	sclerotiorum	remains	unclear	(Sivakumaran	et	al.	2016;	Guo	and	Stotz	2010).	
	
Regulation	of	cell	death	in	soybean	after	S.	sclerotiorum	infection	Previous	research	has	shown	that	the	occurrence	of	pathogen-induced	hypersensitive-response	(HR)	like	cell	death	could	facilitate	the	infection	of	necrotrophic	fungal	pathogens	(Coll,	et	al.,	2011;	Govrin	and	Levine,	2000).	Specific	to	S.	sclerotiorum,	it	was	reported	that	OA	could	induce	apoptotic-like	PCD	by	the	accumulation	of	ROS	and	inhibition	of	apoptosis	significantly	reduces	the	infection	(Kim	et	al.,	2008;	Kabbageet	al.,	2013).	In	this	study,	it	was	also	found	that	25	and	24	DEGs	were	tagged	with	“negative	regulation	of	PCD”	in	AC	and	OxO,	respectively	(Figure	2.9),	which	suggested	that	soybean	might	benefit	from	manipulating	cell	death.	It	was	also	observed	that	these	DEGs	participated	in	hormone-related	signaling	pathways	(Figure	2.6,	2.7),	especially	in	the	negative	regulation	of	the	SA	signaling	pathway,	such	as	DEGs	annotated	as	WRKY	33,	PUB23	and	syntaxin-121,	BON1-	associated	protein	2	(	Yang	et	al.	2007).	Since	the	role	of	SA	in	the	machinery	of	plant	HR	to	invading	biotrophic	pathogens	was	widely	reported	(Alvarez	2000;	Brodersen	and	Malinovsky	2005),	it	was	very	likely	that	soybean	inhibited	an	HR-type	cell	death	via	suppressing	the	SA	signaling	pathway	and	stimulating	its	antagonistic	JA	signaling	pathway	(Li	et	al.,	2004;	Li	et	al.	2006).	Interestingly,	the	significant	enrichment	of	“positive	regulation	of	autophagy”	in	DEGs	supported	the	role	of	autophagy	in	soybean	response	to	S.	sclerotiorum	(Figure	2.5,2.9).	Autophagy	is	another	type	of	plant	programmed	cell	death	and	can	also	be	highly	engaged	in	plant	defense.	Many	studies	showed	that	autophagy	might	function	in	restricting	the	spread	of	HR	to	uninfected	cells	and	promoting	resistance	to	necrotrophic	pathogens	through	an	interplay	between	SA	and	JA	pathways	(Zhou	et	al.,	2014).	WRKY	33	transcripts	were	shown	to	interact	with	and	increase	the	expression	of	ATG18a,	a	critical	autophagy	gene	(Lai	et	al.	
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2011).	Another	DEG	annotated	as	an	exocyst	subunit	“EXO70B1”	was	induced	in	both	genotypes	(not	shown	in	Figure	2.9)	and	was	reported	to	interact	with	autophagy	marker	ATG8.	A	loss-of-function	EXO70B1	mutant	reduced	formation	of	autophagic	bodies	and	exhibited	spontaneous	HR-like	leaf	lesions,	suggesting	that	EXO70B1	could	contribute	to	the	occurrence	of	autophagy	and	restrict	the	HR-like	PCD	(Kulich	et	al.,	2013;	Stegmann	et	
al.,	2013;	Teh	and	Hofius,	2014).	In	summary,	the	genes	mentioned	above	depicted	a	hypothetical	interaction	network	by	which	soybean	manipulates	different	types	of	cell	death	to	achieve	better	resistance,	or	that	the	fungus	manipulates	to	enhance	virulence	(Figure	2.10).		
The	effect	of	degrading	oxalic	acid	A	compounding	factor	to	consider	when	interpreting	gene	expression	in	the	OxO	transgenic	soybean	includes	that	the	OxO	enzyme	converts	OA	to	H2O2,	a	known	signal	molecule	that	could	trigger	the	expression	changes	of	many	defense-related	genes	(Hung	
et	al.,	2005;	Gechev	and	Hille	2005;	Torres	et	al.,		2006).	Moreover,	a	study	in	which	the	OxO	gene	was	overexpressed	in	sunflower	found	that	the	strong	overexpression	of	OxO	gene	could	lead	to	elevated	levels	of	H2O2	even	without	inoculation	(Hu	et	al.	2003).	Thus,	in	this	study,	we	considered	the	effect	of	removal	of	OA	as	well	as	the	production	of	hydrogen	peroxide	on	the	defense	response	of	soybean	both	with	and	without	inoculation.		The	effect	of	degrading	OA	was	investigated	by	statistical	comparisons	between	AC	and	OxO	at	different	time	points.	There	were	only	57	and	18	DEGs	between	inoculated	AC	and	inoculated	OxO	at	4	hpi	and	8	hpi,	respectively.	However,	most	of	these	DEGs	were	not	induced	by	S.	sclerotiorum	inoculation,	and	only	three	were	(Appendix	A,	sheet	4).	That	means	most	of	these	expression	differences	were	very	likely	resulted	from	the	constitutive	expression	of	the	OxO	transgene	gene	and	production	of	H2O2,	but	not	due	to	pathogen-induced	responses.	The	three	genes	that	were	induced	by	S.	sclerotiorum	inoculation	only	differentiated	between	AC	and	OxO	at	4	hpi,	but	not	at	8	hpi.	In	addition,	at	4	hpi,	about	forty	genes	exhibited	higher	expression	than	AC,	both	in	OxO	inoculated	and	mock	samples,	but	their	differential	expression	disappeared	at	8	hpi.	The	inconsistency	between	4	hpi	and	8	hpi	was	potentially	due	to	great	variations	between	
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replicates	at	4	hpi,	a	time	point	more	likely	to	be	affected	by	handling.	It	was	noticed	that	the	percentages	of	reads	aligned	to	S.	sclerotiorum	in	OxO	at	4	hpi	varied	greatly	ranging	from	0.41%	to	8.14%,	with	two	replicates	much	higher	than	the	other	one	(Table	2.2).	As	is	seen	from	the	heat	map	(Figure	2.11),	two	replicates	showed	stronger	expression	than	the	other	replicate	in	both	OxO	mock	and	inoculated	at	4	hpi.	With	an	early	time	point	and	high	sensitivity	of	RNA-Seq,	some	genes	could	have	been	captured	as	differentially	expressed	due	to	slightly	different	handling;	for	example,	differences	in	the	amount	of	minor	wounding	such	as	the	breaking	the	trichomes	or	scratches.			 Since	the	nature	of	quantitative	resistance	is	composed	of	many	small-effect	defense-related	genes,	those	genes	probably	would	not	exhibit	enough	differences	to	be	statistically	significant.	Additionally,	the	very	early	time	points	might	be	too	early	to	allow	the	OxO	enzyme	to	adequately	degrade	the	large	initial	amounts	of	OA	that	would	enter	a	leaf	from	a	fully	colonized,	OA-soaked	flower.	A	study	measuring	the	concentration	of	OA	in	OxO	and	AC	after	S.	sclerotiorum	infection	showed	that	in	the	first	24	hpi,	the	OA	concentration	in	OxO	still	increased	substantially	(but	not	as	much	as	that	in	AC)	(Davidson	et	al.	2016).	Nonetheless,	quantitative	differences	still	existed.	There	were	228	DEGs	that	were	significantly	induced	in	OxO	at	4	hpi	but	not	in	AC	at	4	hpi,	and	62	DEGs	in	OxO	at	8	hpi	but	not	in	AC	at	8	hpi	(Figure	2.3;	Appendix	B).	Among	the	228	DEGs	in	OxO	at	4	hpi,	the	membrane	trafficking	components,	calcium	signaling,	and	auxin-related	genes	implied	that	OA	may	enhance	virulence	by	interfering	with	cellular	processes	involving	those	DEGs	(Table	2.4).	Among	the	62	DEGs	in	OxO	at	8	hpi	(Table	2.5),	well-known	defense-related	DEGs	included	dirigent	protein,	thaumatin-like	protein,	endo-1,3-beta-glucosidase,	ethylene-responsive	transcription	factor,	12-oxophytodienoate	reductase	(involved	in	JA	biosynthesis),	and	chalcone	synthase.	Although	the	differences	of	log2	fold	changes	between	OxO	and	AC	at	8	hpi	were	not	substantial,	differences	became	more	obvious	with	time,	as	shown	in	their	expressions	at	12,	24	and	36	hpi	(Figure	2.13)	(Calla		et	al.,	2014a).	However,	in	the	current	study,	it	was	not	clear	if	the	higher	induction	in	the	OxO	at	8	hpi	was	due	to	degradation	of	OA	or	production	of	hydrogen	peroxide	by	the	oxalate	oxidase,	since	they	occurred	simultaneously,	and	hydrogen	peroxide	might	similarly	stimulate	genes	that	would	be	induced	during	abiotic	and	biotic	stresses	(Vandenabeele	et	al.	2003).	Also,	these	DEGs	should	be	further	
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validated	to	determine	if	they	could	actually	be	involved	in	defense	to	S.	sclerotiorum	or	not.		
Conclusions		More	than	600	genes	were	found	with	a	fairly	stringent	cutoff	as	being	significantly	differentially	expressed	in	soybean	leaves	in	response	to	S.	sclerotiorum	inoculation,	at	4	and	8	hpi.	Functional	annotation	and	categorization	revealed	that	both	AC	and	OxO	had	a	large	percentage	of	DEGs	annotated	as	kinases	and	transcription	factors,	depicting	a	complex	network	of	signal	transduction	and	gene	regulation	during	the	initiation	of	defense	responses.	GO	enrichment	analysis	demonstrated	that	a	host	oxidative	burst,	JA	and	ethylene	signaling	pathways,	and	several	soybean	anti-microbial	secondary	metabolite	biosynthesis	were	quickly	induced	in	this	early	defense	response.	More	detailed	analyses	into	genes	on	JA	and	ethylene	signaling	pathway	supported	their	importance	for	soybean	defense	signaling.	Some	genes	involved	in	ABA	and	SA	signaling	pathways	were	highly	responsive	to	S.	sclerotiorum	infection;	however,	their	roles	in	soybean	defense	responses	still	remained	unclear.	Both	OxO	and	AC	were	found	to	negatively	regulate	hypersensitive	response-like	PCD,	which	was	proposed	to	be	achieved	via	suppressing	SA	signaling	pathway	based	on	the	annotations	of	relevant	DEGs.	The	participation	of	autophagy	process	in	soybean	response	was	implied,	yet	still	awaits	further	verification.		 Evaluation	of	the	effect	of	the	oxalate-degrading	transgene	led	to	the	identification	of	less	than	100	genes	as	behaving	significantly	differently	between	AC	and	OxO.	Most	of	them	might	have	been	induced	due	to	the	constitutive	strong	expression	of	the	oxalate	oxidase	since	the	difference	also	existed	in	the	mocks	of	AC	and	OxO.	Although	lacking	statistical	significance,	quantitative	differences	were	identified	by	genes	that	were	only	induced	in	OxO,	but	not	in	AC	at	either	time	point.	The	differences	of	some	well-known	defense-related	genes	were	observed,	such	as	dirigent	proteins,	thaumatin-like	proteins	and	glutathione-S-transferases,	the	significant	inductions	were	consistent	throughout	the	12,	24	and	36	hpi	study	previously	conducted	(Calla	et	al.,	2014a).		 In	summary,	at	early	time	points	(4	hpi	and	8	hpi)	after	S.	sclerotiorum	infection,	soybean	transcriptomic	responses	to	the	pathogen	were	abundant	and	measurable.	The	
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differences	between	the	resistant	OxO	and	the	susceptible	AC	were	relatively	trivial,	but	they	still	could	be	reflective	of	more	quantitatively	intense	defense	in	OxO.																														
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FIGURES	
		
	Figure	2.1	Twelve	statistical	pairwise	comparisons	between	eight	treatment	groups	for	soybean	genes.	The	model	used	was	the	generalized	linear	model	in	R	package	EdgeR.	AC,	the	susceptible	soybean	line;	OxO,	the	transgenic	resistant	soybean	line	that	could	degrade	oxalic	acid	from	the	S.	sclerotiorum;	mock,	mock	inoculated	samples;	inoc,	S.	
sclerotiorum	inoculated	samples.											
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	Figure	2.2	A	heat	map	displays	the	log2	fold	changes	of	876	DEGs	in	the	inoculated	samples	compared	to	mock	samples,	grouped	by	k-means	clusters.	Within	each	k-means	group,	DEGs	are	sorted	by	the	ratio	of	OxO/AC	at	8	hpi.	The	matrix	on	the	right	of	the	heat	map	demonstrates	cluster	centers	for	each	cluster.	The	column	names	indicated	the	soybean	genotypes,	time	points	and	treatments.	AC,	the	susceptible	soybean	line;	OxO,	the	transgenic	resistant	soybean	line	that	could	degrade	oxalic	acid	from	the	S.	sclerotiorum;	mock,	mock	inoculated	samples;	inoc,	S.	sclerotiorum	inoculated	samples;	DEGs,	statistically	significantly	differentially	expressed	genes.			
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	Figure	2.3	A	Venn	diagram	shows	the	number	of	genes	that	were	statistically	differentially	expressed	in	S.	sclerotiorum	inoculated	samples	compared	to	mock	inoculated	samples	in	each	genotype	and	time	point.	The	cutoff	used	was	false-discovery-rate	adjusted	p-value	less	than	0.02	(FDR	<	0.02).	AC,	the	susceptible	soybean	line;	OxO,	the	transgenic	resistant	soybean	line	that	could	degrade	oxalic	acid	from	the	S.	
sclerotiorum.																			
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(A)	
	(B)	
	Figure	2.4	(A)	Pie	chart	showed	the	percentages	of	sixteen	categories	of	603	DEGs	that	were	differentially	expressed	between	inoculated	and	mock	samples.	(B)	The	subcategories	and	the	frequencies	(in	brackets).	Subcategories	in	bold	are	the	most	abundant	ones	in	each	category.	DEGs,	statistically	significantly	differentially	expressed	genes.				
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	Figure	2.5.	Significantly	enriched	biological	process-related	GO	terms	for	DEGs	in	AC	and	OxO	based	on	enrichment	analysis.	Each	GO	term	listed	corresponds	to	a	bar	and	a	dot.	The	bars	represent	the	percentages	of	DEGs	mapped	by	the	GO	term	and	dots	represent	their	corrected	p-values.	The	GO	terms	in	black	are	significantly	enriched	in	both	genotypes	while	GO	terms	in	red	are	only	in	one	genotype.	The	GO	terms	are	sorted	by	P-values	in	an	increasing	order.	DEGs,	statistically	significantly	differentially	expressed	genes;	AC,	the	susceptible	soybean	line;	OxO,	the	transgenic	resistant	soybean	line	that	could	degrade	oxalic	acid	from	the	S.	sclerotiorum.								
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(A)		
	(B)	
											 		Figure	2.6.	Heat	maps	display	the	log2	fold	changes	of	DEGs	that	were	annotated	as	involved	in	jasmonic	acid-related	pathways	based	on	GO	terms.	(A)	DEGs	shared	by	OxO	and	AC.	(B)	DEGs	only	statistically	significantly	induced	in	AC.	(C)	DEGs	only	statistically	significantly	induced	in	OxO.	GO	description:	“1”	represents	“jasmonic	acid	biosynthetic	process”;	“2”	represents	“jasmonic	acid	mediated	signaling	pathway”;	“3”	represents	“response	to	jasmonic	acid	stimulus”.			
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(C)		
										 							Figure	2.6	(Continued).																						
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(A)	
	(B)	
											 	Figure	2.7.	Heat	maps	display	the	log2	fold	changes	of	DEGs	that	were	annotated	as	involved	in	salicylic	acid-related	pathways	based	on	GO	terms.	(A)	DEGs	shared	by	OxO	and	AC.	(B)	DEGs	only	statistically	significantly	induced	in	AC.	(C)	DEGs	only	statistically	significantly	induced	in	OxO.	GO	description:	“1”	represents	“salicylic	acid	biosynthetic	process”;	“2”	represents	“salicylic	acid	mediated	signaling	pathway”;	“3”	represents	“systemic	acquired	resistance”.							
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(C)	
										 	Figure	2.7	(Continued).														
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											 	Figure	2.8.	The	expressions	of	genes	in	soybean	that	were	homologues	of	genes	involved	in	hormone	biosynthesis	and	signaling	in	Arabidopsis.						
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(A)	
	(B)	
												 	Figure	2.9.	Heat	maps	display	the	log2	fold	changes	of	DEGs	that	were	annotated	as	involved	in	programmed	cell	death	based	on	GO	terms.	(A)	DEGs	shared	by	OxO	and	AC.	(B)	DEGs	only	statistically	significantly	induced	in	AC.	(C)	DEGs	only	statistically	significantly	induced	in	OxO.	GO	description:	“1”	represents	“negative	regulation	of	programmed	cell	death”;	“2”	represents	“regulation	of	plant-type	hypersensitive	response”;	“3”	represents	“positive	regulation	of	autophagy”.						
	 49	
(C)	
												 	Figure	2.9	(Continued).																
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		Figure	2.10	Two	hypotheses	proposed	by	the	membrane	trafficking	components	regarding	the	virulent	mechanisms	of	OA.	(A)	OA	could	suppress	the	cell	wall-based	resistance.	SYP121,	SNAP33	and	VAMP725	constituted	the	PEN1	pathway	required	for	callose	deposition	in	Arabidopsis	and	barley	against	powdery	mildew	(Voigt	2014;	Pajonk	
et	al.	2008);	AGDs	contributed	to	PEN1	pathway(Böhlenius	et	al.	2010);	MLO	is	a	negative	regulator	of	cell	wall-based	defense.	(B)	OA	could	promote	HR-like	PCD	mediated	by	SA	signaling	via	inhibiting	autophagy.	BAP	was	proposed	to	be	involved	in	the	SA	pathway	and	also	identified	as	a	general	inhibitor	of	PCD	in	a	broad	range	of	plant	species	(H.	J.	Yang	et	al.	2007);	SYP	121	proteins	have	been	shown	to	inhibit	SA	accumulation	and	mediated	defense	responses	and	pathogen-induced	programmed	cell	death	(PCD)	(Zhang	
et	al.	2007);	EXO70B1	could	contribute	to	the	occurrence	of	autophagy	and	also	restrict	the	HR-like	PCD	(Kulich	et	al.,	2013;	Stegmann	et	al.,	2013	;	Teh	and	Hofius,	2014).	A	colored	square	represents	a	transcript	identified	as	a	DEG	in	our	data.	FC,	fold	change;	AC,	the	susceptible	soybean	line;	OxO,	the	transgenic	resistant	soybean	line	that	could	degrade	oxalic	acid	from	the	S.	sclerotiorum.		
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	Figure	2.11	The	log2	CPM	values	of	DGEs	that	were	significantly	differentiated	between	OxO	and	AC	only	at	4	hpi.	Twenty-four	columns	represent	twenty-four	samples	including	replicates.	“M”	in	column	names	stands	for	“mock”;	“I”	stands	for	“inoculated”.	The	rows	were	sorted	by	hierarchical	clustering.							
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	Figure	2.12	The	log2	fold	change	values	of	DGEs	that	were	only	significantly	differentiated	in	OxO	at	8	hpi	but	not	AC.	The	first	six	columns	were	fold	change	values	at	12,	24,	36hpi	using	microarrays	from	Calla,	Blahut-Beatty,	Koziol,	Zhang,	et	al.,	(2014);	the	last	four	columns	were	at	4	and	8	hpi	using	RNA-seq.													
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TABLES		
	Table	2.1.	Experimental	design	for	RNA	sample	collections.																		
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	Table	2.2	Statistics	of	RNA-Seq	libraries.																	
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(A)	
	(B)	
	(C)	
	Table	2.3	Summary	of	the	numbers	of	DEGs	in	each	treatment	(FDR	<	0.02).	(A)	DEGs	by	S.	
sclerotiorum	inoculation.	(B)	DEGs	by	time	courses.	(C)	DEGs	by	genotypes.																			
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(A)	
	(B)	
	Table	2.4	DEGs	that	were	significantly	induced	in	OxO	at	4	hpi	but	not	AC	at	4	hpi.	The	log2	fold	changes	indicated	the	ratio	of	inoculated	samples	versus	mock.	(A)	Membrane-trafficking	related	DEGs.	(B)	Calcium-signaling	and	auxin-related	DEGs.												
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	Table	2.5	DEGs	that	were	significantly	induced	in	OxO	at	8	hpi	but	not	AC	at	8	hpi.	The	log2	fold	changes	indicated	the	ratio	of	inoculated	samples	versus	mock.								
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CHAPTER	3:	RNA-SEQ	DATA	ANALYSIS	OF	SOYBEAN-SCLEROTINIA	SCLEROTIORUM	
INTERACTION	(S.	SCLEROTIORUM	PART)	
	
Introduction		 Sclerotinia	sclerotiorum	(Lib.)	de	Bary	is	the	causal	agent	of	Sclerotinia	stem	rot	(SSR),	a	devastating	disease	of	soybean,	canola,	sunflower	and	pea.	This	fungus	has	a	very	wide	host	range	of	more	than	400	plant	species,	most	of	which	are	dicots.	This	fungus	is	notorious	for	its	ability	to	survive,	as	it	can	persist	in	dead	tissue	and	or	in	the	soil	in	the	form	of	sclerotia,	a	heavily	melanized	over-wintering	structure	that	can	remain	viable	for	over	ten	years.	The	sclerotia	can	either	produce	apothecia	and	ascospores,	or	myclelia.	The	ascospores	are	often	associated	with	flower	infection,	whereas	the	mycelia	can	infect	a	wider	range	of	host	tissues	and	growth	stages	including	seedlings,	mature	plants,	and	seeds.	
S.	sclerotiorum	has	a	genome	of	about	38	Mb,	distributed	across	16	chromosomes,	harboring	14,522	predicted	genes	and	11,860	predicted	proteins	(Amselem	et	al.	2011).	S.	
sclerotiorum	and	Botrytis	cinerea	are	in	the	family	Sclerotiniaceae	(Ascomycota,	Leotiomycetes,	Helotiales)	which	contains	35	genera	(Cannon	and	Kirk	2007).	These	two	fungi	exhibit	a	range	of	similarities.	For	example,	they	both	have	wide	host	ranges,	they	are	both	usually	characterized	as	necrotrophic	biotypes,	and	they	are	both	economically	important	pathogens	that	are	a	challenge	to	control.	Therefore,	a	lot	of	research	is	focused	on	these	two	fungi,	and	both	are	considered	as	models	for	studying	the	complexity	of	necrotrophic	phytopathogens.	A	comparative	genome	analysis	of	S.	sclerotiorum	and	B.	
cinerea	revealed	an	impressively	high	degree	of	sequence	identity	and	synteny,	but	low	consistency	in	the	gene	content,	especially	for	those	genes	that	are	related	to	the	regulation	of	sexual	reproduction	and	the	types	of	secondary	metabolites.	The	comparison	of	pathogenicity	factors	between	these	two	necrotrophic	fungi	and	two	other	biotrophic	fungi	led	to	only	a	few	“presence-and-absence”	differences,	suggesting	that	the	striking	differences	in	pathogenicity	were	not	determined	by	solely	by	genomic	components,	but	by	how	those	components	were	acting	and	regulated	in	the	gene	network.	Therefore,	investigations	into	the	transcriptomes	of	necrotrophic	
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phytopathogens	are	emerging	as	an	extremely	interesting	research	topic	(Gan	et	al.,	2013;	Zhao	et	al.,	2013;Ding	et	al.,	2016).	
S.	sclerotiorum	harbors	an	arsenal	of	pathogenic	or	virulent	factors,	thus	making	it	a	successful	pathogen.	While	many	studies	have	been	focused	on	oxalic	acid	(OA)	as	the	most	critical	virulence	factor,	it	was	interesting	to	note	that	OA-deficient	mutants	were	reported	to	still	produce	lesions	on	some	hosts	after	wounding	and	moreover,	that	different	hosts	had	different	levels	of	susceptibility	to	the	mutant	(Liang	et	al.	2015;	Xu	et	
al.	2015).	Thus,	OA	is	only	one	part	of	the	arsenal	released	from	this	pathogen.	A	comparative	study	also	revealed	that	the	repertoire	of	secreted	plant-cell-wall-degrading	enzymes	(PCWDEs)	was	much	more	abundant	in	necrotrophic	fungi	than	biotrophic,	which	could	largely	facilitate	the	massive	damage	on	the	host	cells	(Zhao	et	al.	2013).	In	addition	to	enzymes,	it	has	been	reported	that	S.	sclerotiorum	delivers	many	potential	effector	proteins	that	can	influence	disease	progression.	For	example,	SsSSVP1,	a	cysteine-rich	small	secretory	protein,	was	closely	associated	with	virulence	and	led	to	significant	host	cell	death	when	transiently	expressed	(Lyu	et	al.	2016).	Other	secretory	proteins	were	characterized	to	suppress	early	host	defense	responses	(Zhu	et	al.	2013b).		Although	many	high-throughput	transcriptomic	studies	have	been	done	on	various	
S.	sclerotiorum-plant	pathosystems	(Zhao	et	al.	2007;	B.	Yang	et	al.	2007;	Calla	et	al.,	2009;	Calla	et	al.,	2014),	most	of	them	focused	on	the	host	side,	but	not	the	pathogen	side,	largely	due	to	the	use	of	plant-specific	microarrays.	However,	the	new	technology	of	RNA	sequencing	(RNA-Seq)	can	be	performed	on	any	organism	and	yields	information	on	all	genes	expressed,	without	the	need	to	synthesize	an	array.	Therefore,	RNA-Seq	is	an	ideal	technology	for	the	study	of	plant-microbe	interactions,	as	one	can	acquire	transcription	information	from	the	host	and	the	pathogen	from	the	same	tissue	sample.	Recently	(published	online	March	29,	2017),	an	RNA-Seq	study	profiled	gene	expressions	of	this	pathogen	during	infection	of	Brassica	napus,	where	the	transcriptional	regulations	of	seven	categories	of	genes	were	thoroughly	described	(Seifbarghi	et	al.	2017).	Since	RNA-Seq	has	been	shown	to	be	a	powerful	tool	and	no	S.	sclerotiorum	transcriptomic	study	has	been	published	on	soybean,	a	30+	billion	dollar	annual	commodity	(USDA,	National	Agricultural	Statistics	Service,	2016),	one	goal	of	this	Master’s	research	was	to	fully	characterize	the	transcriptomic	changes	of	soybean	response	to	this	pathogen	(Chapter	2)	
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and	the	other	was	to	characterize		S.	sclerotiorum	gene	transcript	changes	that	occur	during	infection	of	soybean.	To	identify	S.	sclerotiorum	genes	induced	specifically	in	
planta,	we	added	RNA-Seq	data	from	S.	sclerotiorum	growing	axenically	on	sterile	growth	medium.	Another	goal	of	this	study	was	to	examine	how	the	expression	of	virulence	factors	would	be	changed	with	and	without	OA,	by	removing	it	using	an	oxalate-degrading	transgenic	soybean	line,	since	it	was	observed	in	many	studies	that	OA	could	have	a	synergistic	relationship	with	other	virulence	factors,	such	as	the	optimal	activity	of	PCWDEs	at	acidic	pH	and	after	OA	chelation	of	calcium	ions	(Echandi	and	Walker,	1957;	Bateman	and	Beer	1965b;	Marciano	et	al.,	1983).			 	
Materials	and	Methods	
Sampling,	RNA	extraction	and	Illumina	sequencing	(done	by	Dr.	Simmonds’	lab	at	
Agriculture	and	Agri-Food	Canada)			 Procedures	related	to	the	isolation	of	S.	sclerotiorum	RNA	from	infected	tissue	are	described	in	Chapter	2.	For	isolation	of	RNA	from	an	axenic	culture	of	S.	sclerotiorum,	two	millimeter	mycelial	plugs	of	S.	sclerotiorum	strain	NB5	from	CYM		solid	media	(peptone	2.0g;	yeast	extract	2.0g;	dextrose	20.0g;	MgSO4	0.5g;	KH2PO4	0.46g;	K2HPO4	1.0g;	agar	20.0g;	DI	water	1000	mL)	plates	were	cultured	in	CYM	liquid	medium	for	approximately	66	h,	under	room	temperature	in	the	dark.	Fungal	mycelia	was	collected,	rinsed	with	water,	and	dried	through	a	vacuum	filter.	Mycelia	was	transferred	to	2	ml	screw	cap	tubes	and	frozen	in	liquid	nitrogen.	Three	biological	replicates	were	obtained	in	the	same	manner.	RNA	extractions	were	completed	using	the	Omega	Biotek	EZNA	plant	RNA	kit	that	removes	DNA	and	polysaccharides.	RNA	samples	were	sent	to	Genome	Quebec	at	McGill	University	for	sequencing.	Paired-end	sequencing	was	performed	on	a	HiSeq2500	with	258	cycles.	Three	read	libraries	were	generated	with	about	30	million	reads	for	each	library.	Read	length	was	set	to	125	nt,	and	the	average	base	quality	was	36.	
	
RNA	sequence	processing	and	alignments		 Quality	trimming	was	preformed	using	Trimmomatic-0.33	(Bolger,	A.	M.,	Lohse,	M.,	&	Usadel,	B.,	2014),	which	removed	sequencing	adapters	(Illumina	TruSeq	Adaptor),	low	quality	fragments	with	average	base	quality	below	15	in	a	4	nt	window,	and	short	reads	
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less	than	30	nt.	The	quality	of	trimmed	reads	was	checked	with	fastQC	(Andews	S,	2010).	For	each	library,	paired	reads	were	aligned	to	the	S.	sclerotiorum	genome	(Broad	Institute,	MIT	and	Harvard)	by	STAR	with	the	“quantMode”	option	on	to	record	the	alignments	on	each	gene.	Read	counts	were	estimated	by	RSEM	v1.2.20.	Reads	that	were	unaligned	to	the	S.	sclerotiorum	genome	were	merged	and	used	to	generate	de	novo	assembled	sequence	contigs	with	Trinity	v2.0.6.	Unaligned	reads	were	aligned	to	these	contigs	and	counted	with	a	Trinity	plugin	called	“align_and_estimate_abundance”.	For	S.	sclerotiorum	gene	expression	in	soybean	leaf	tissue,	the	alignments	and	read	count	calculations	were	described	in	Chapter	2.	Noticeably,	RNA-Seq	data	coming	from	S.	sclerotiorum	in	soybean	tissue	and	in	culture	had	separate	sets	of	de	novo	assembled	contigs.	To	enable	differential	gene	expression	of	de	novo	assembled	contigs	across	these	two	datasets,	“blastn-megablast”	was	utilized	to	identify	contigs	of	identical	sequence	(e	value	<	e-100)	and	these	contigs	were	considered	as	representing	the	same	transcripts	in	the	differential	gene	expression	analysis.		
Differential	gene	expression	analysis		 The	read	counts	for	genes	and	de	novo	assembled	contigs	were	merged	and	loaded	into	EdgeR	v3.10.2.	Low	information	S.	sclerotiorum	genes	and	contigs	that	had	a	total	CPM	value	across	all	the	treatments	lower	than	3	were	removed	before	statistical	analyses	with	the	same	criteria	as	in	Chapter	2.	For	the	remaining	genes,	eight	pairwise	comparisons	(Figure	3.1)	were	done	with	EdgeR	v3.10.2	between	sequences	obtained	from	infected	soybean	(4	hpi	and	8	hpi,	in	AC	and	in	OxO)	and	sequences	obtained	from	axenic	S.	sclerotiorum	cultures.	DEGs	were	selected	out	separately	for	different	pairwise	comparisons.	For	comparisons	between	in	soybean	and	axenic	culture,	where	the	differential	expression	levels	tended	to	be	more	dramatic,	the	criteria	for	selection	was	an	FDR-correct	p-value	less	than	0.01,	and	a	mean	CPM	value	above	10	in	at	least	one	treatment.	For	comparisons	between	different	time	points	and	different	soybean	hosts,	where	the	differential	expressions	were	relatively	weaker,	the	criteria	for	selection	was	FDR-correct	p-values	less	than	0.05	in	at	least	one	comparison,	and	a	mean	CPM	value	above	10	in	at	least	one	treatment.	DEGs	selected	from	different	comparisons	above	were	
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listed	in	two	separated	tables,	both	of	which	included	DEGs	from	directly	mapping	to	the	
S.	sclerotiorum	isolate	1980	reference	genome,	and	from	de	novo	assembly.	
	
Gene	annotation	and	enrichment	analysis		 DEGs	were	given	descriptions	and	gene-ontology	(GO)	terms	using	Blast2go	3.3	with	an	e-value	cutoff	of	10-5.	Carbohydrate-active	enzymes	were	identified	with	CAZymes	Analysis	Toolkit	(CAT)	with	an	e-value	of	0.01	(Park	et	al.	2010;	Lombard	et	al.	2014);	signal	peptides	were	predicted	with	SignalP	4.1	using	a	D-cutoff	at	0.5	(Petersen	et	
al.	2011);	and	secondary	metabolism-related	genes	were	clustered	by	SMURF	and	antiSMASH	(Khaldi	et	al.	2010;	Weber	et	al.	2015).	The	GO	term	enrichment	study	was	done	by	Blast2go	with	a	Fisher’s	Exact	Test	using	the	GO	terms	of	the	whole	genome	as	the	reference	set,	and	with	FDR	adjusted	p-value	cutoff	of	0.05	(Conesa	and	Götz	2008).		
Results	and	Discussion	
Sequence	data	processing	and	statistical	analysis		 RNA	sequencing	generated	three	paired-end	libraries	from	three	biological	replicates	of	S.	sclerotiorum	mycelia	in	axenic	culture,	with	the	number	of	reads	ranging	from	30,293,127	to	33,033,532.	After	quality	trimming	and	adapter	removal,	about	98%	paired	reads	were	retained	for	each	library	on	average,	reflective	of	high-quality	sequencing.	Two	libraries	had	about	65%	of	the	NB5	isolate	reads	mapped	to	the	S.	
sclerotiorum	isolate	1980	reference	genome,	and	one	library	had	about	50%	(Table	3.1).			 To	conduct	statistical	comparisons	of	gene	expressions	between	S.	sclerotiorum	in	infected	leaves	versus	in	axenic	culture,	read	counts	of	the	14,503	genes	(predicted	from	the	reference	genome)	were	estimated	and	loaded	into	EdgeR	for	15	libraries	(Figure	3.1),	five	treatments	and	three	replicates	for	each	treatment).	Using	a	cutoff	of	at	least	3	total	CPM	value	for	filtering	genes	with	low	information,	65.6%	of	the	genes	(9,563	genes)	were	kept	and	considered	to	be	truly	expressed,	and	an	average	of	approximately	99.9%	of	the	reads	of	each	library	were	kept	for	further	statistical	analysis,	which	indicated	that	most	sequencing	information	was	retained.			 For	statistical	analysis,	eight	pairwise	comparisons	were	performed	using	a	generalized	linear	model	(Figure	3.1).	2,948	genes	(Appendix	C)	were	selected	as	
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statistically	significantly	differentially	expressed	genes	(DEGs)	between	in	plant	and	axenic	culture,	with	a	cutoff	of	FDR	<	0.01	in	at	least	one	comparison	and	mean	CPM	>	10	in	one	treatment.	From	comparisons	between	time	points	and	soybean	lines,	only	186	DEGs	were	selected,	using	a	cutoff	of	FDR	<	0.05	in	at	least	one	comparison	and	CPM	>	10	in	one	treatment.		
	
DEGs	of	in	planta	vs.	in	culture		 To	explore	how	S.	sclerotiorum	regulates	the	gene	expression	during	soybean	infection,	the	DEGs	from	comparing	gene	expressions	in	infected	leaves	to	axenic	culture	were	summarized	(Table	3.2	A).	Among	2,948	DEGs,	1,105	and	1,743	S.	sclerotiorum	genes	changed	significantly	in	AC	and	in	OxO	at	4	hpi	respectively,	and	2,060	and	2,163	in	AC	and	in	OxO	at	8	hpi,	respectively.	An	obvious	increase	in	the	number	of	DEGs	can	be	found	from	4	hpi	to	8	hpi,	which	is	consistent	to	the	progressive	proliferation	of	S.	
sclerotiorum	in	the	soybean	tissue.			 A	total	of	1,947	DEGs	were	shared	in	both	soybean	lines,	with	781	up-regulated	and	1,166	down-regulated	(Figure	3.2	A).	If	taking	different	time	points	into	consideration,	only	210	S.	sclerotiorum	genes	were	up-regulated	in	both	soybean	lines	and	both	time	points	(Figure	3.2	B),	while	506	down-regulated	DEGs	were	shared	by	every	treatment	combination	(Figure	3.2	C).	As	for	the	differences	between	the	DEGs	of	S.	
sclerotiorum	in	two	genotypes,	there	were	699	genes	exclusively	significant	in	OxO,	and	302	in	AC	(Figure	3.2	A),	showing	that	S.	sclerotiorum	in	OxO	behaved	slightly	differently	from	S.	sclerotiorum	in	AC.	Specifically,	we	can	see	the	difference	might	be	from	4	hpi	rather	than	8	hpi	(Figure	3.2	B,	C).	These	results	corresponded	to	the	transcriptomic	changes	in	soybean,	where	more	differences	were	detected	at	4	hpi	than	8	hpi.	The	expression	pattern	of	all	the	2,948	DEGs	could	be	view	from	the	heat	map	where	the	genes	were	ordered	by	hierarchical	clustering	(Figure	3.3).	Although	there	were	different	numbers	of	DEGs	between	S.	sclerotiorum	in	OxO	and	AC,	at	4	hpi	and	8	hpi,	the	directions	of	expression	changes	of	most	genes	were	consistent	across	all	the	treatments.		
	 Subsequent	(Oct.	31st,	2016)	to	our	in-depth	bioinformatics	analysis	of	our	data	using	the	reference	genome	of	isolate	1980,	the	genome	of	this	isolate	was	re-sequenced	and	submitted	to	NCBI	(GeneBank	Assembly	Accession	GCA_001857865.1).	Therefore,	
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some	annotations	have	changed,	and	therefore	we	provide	a	table	to	match	the	IDs	used	for	this	work	to	the	gene	IDs	of	the	new	reference	genome	(Appendix	D).	
	
Functional	annotations	and	gene	ontology	analysis		 To	obtain	functional	annotations	of	the	2,948	DEGs,	transcript	sequences	were	aligned	to	the	NCBI	nr	database	using	BLASTx,	as	well	as	to	the	InterPro	database	using	Blast2go.	Using	a	cutoff	of	e-value	lower	than	10e-5,	2,939	DEGs	(99.7%)	had	hits	in	NCBI	nr	database,	and	2,302	DEGs	(78.1%)	had	hits	in	the	InterPro	database.	For	GO	term	mapping,	10,363	out	of	14,503	(72.0%)	genes	in	the	whole	genome	had	at	least	one	GO	term	and	2,511	DEGs	(85.2%)	had	at	least	one	GO	term	mapped.		GO	enrichment	tests	were	performed	with	the	Fisher’s	exact	test	for	two	DEG	sets:	the	up-	or	down-regulated	DEGs	shared	between	S.	sclerotiorum	in	two	genotypes.	All	GO-mapped	genes	in	the	whole	genome	were	used	as	the	reference	set.	For	up-regulated	DEGs,	there	were	five	biological	process	terms	and	seven	molecular	function	terms	significantly	enriched	with	a	cutoff	of	FDR	less	than	0.05	(Figure	3.6	A).	Among	them,	ten	terms	were	associated	with	degrading	plant	cell	wall	components	including	pectin,	cutin,	and	cellulose.	For	example,	cellular	polysaccharide	catabolic	process,	pectin	catabolic	process,	cutinase	activity	and	cellulose	binding	increased	in	expression.	This	result	suggests	that	a	major	activity	of	S.	sclerotiorum	at	early	time	points	was	degradation	of	plant	cell	wall	polymers.		 For	down-regulated	DEGs	(Figure	3.6	B),	there	were	three	biological	process	terms	and	six	molecular	function	terms	significantly	over	represented.	These	terms	were	involved	in	a	variety	of	primary	metabolisms	such	as:	“tRNA	aminoacylation”	for	protein	translation,	“cysteine-type	peptidase”	for	protein	degradation”,	“glycogen	biosynthesis	process”	for	carbohydrates	storage	and	“phosphopantetheine	binding”	for	fatty	acid	synthesis.	Research	showed	that	significant	glycogen	degradation	and	glycerol	lipid	degradation	occurred	during	appressorium	formation	of	the	rice	blast	fungus,	
Magnaporthe	grisea,	to	increase	the	pressure	in	the	turgor	(Thines	et	al.,	2000).	Thus,	it	could	be	an	energy-	and	resource-redistribution	strategy	for	plant	pathogens	to	reduce	glycogen	biosynthesis	and	fatty	acid	biosynthesis	during	the	early	invasion.	Additionally,	down-regulation	of	genes	with	“microtubule	motor	activity”	could	suggest	that	rapid	
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elongation	of	S.	sclerotiorum	hyphae	was	suppressed	in	the	plant	surface	or	plant	tissue	since	microtubule	activities	were	essential	for	fungal	hyphal	tip	growth	(Horio	2007).		
	
DEGs	encoding	carbohydrate	active	enzymes	(CAZymes)		 CAZymes	are	critical	for	the	pathogenicity	of	plant	pathogenic	fungus	because	many	of	the	CAZymes	are	PCWDEs	that	break	down	the	physical	barrier	to	the	host	tissue,	and	their	breakdown	products	include	sugar	monomers	that	could	be	food	sources.	Among	2,948	DEGs,	230	genes	were	predicted	to	be	encoding	CAZymes,	out	of	which	119	were	predicted	to	be	secretory	proteins.	In	other	words,	119	DEGs	could	potentially	encode	secreted	PCWDEs.	Based	on	catalytic	functions	of	the	enzymes,	there	are	five	classes	of	CAZymes,	including	glycoside	hydrolases	(GHs),	glycosyltransferases	(GTs),	polysaccharide	lyases	(PLs),	carbohydrates	esterases	(CEs),	auxiliary	activities	(AAs)	and	an	associated	module,	carbohydrate-binding	modules	(CBMs)	(Lombard	et	al.	2014).	Under	each	class,	enzymes	were	further	categorized	into	families	depending	on	their	similarities	in	sequences,	functions	or	structures.	119	CAZymes	detected	in	the	data	covered	all	of	these	classes,	and	the	most	abundant	class	was	GHs,	which	contained	66	CAZymes	out	of	119	and	covered	29	families	of	the	GH	class	(Figure	3.4).	Interestingly,	GH	class	harbors	most	of	the	PCWDEs,	including	pectinases,	cellulases	and	hemicellulases	(Zhao	et	al.	2013).		 Pectin-degrading	enzymes	were	commonly	seen	in	the	following	CAZyme	families:	PL1,	PL3,	PL4,	PL9,	GH28,	GH78,	GH88,	GH95,	GH105,	GH115,	CE8	and	CE12	(O’Connell	et	
al.	2012).	In	the	data	presented	here,	many	of	DEGs	were	identified	to	be	in	the	PL1,	GH28,	CE8	and	CE12	families	(Figure	3.4),	with	the	most	DEGs	(11)	in	the	GH28	family,	which	function	to	hydrolyze	the	glycosidic	bonds,	such	as,	SS1G_01009	annotated	as	“polygalacturonase	2”	and	SS1G_07039	annotated	as	“rhamnogalacturonase	a”	(Figure	3.5).	Other	pectinases	belonging	to	PL	and	CE	CAZyme	class	included	six	pectin	methylesterases	(CE)	and	three	pectin	lyases	(PL),	which	are	also	involved	in	the	degradation	of	pectins	(Figure	3.5).		Almost	all	the	abundant	fungal	cellulases	and	hemicellulases	are	classified	into	the	GH	class,	including	CAZyme	families	GH1,	GH3,	GH5,	GH45	and	GH74	for	cellulases,	and	GH3,	GH10,	GH11	and	GH39	for	hemicellulases	(Zhao	et	al.	2013).	There	were	16	DEGs	
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predicted	as	CAZymes	in	GH1,	GH3,	GH5,	GH10,	GH11	and	GH45	(Figure	3.4),	two	examples	of	which	were	SS1G_07146	annotated	as	“beta-glucosidase	1	precursor”	and	SS1G_00458	annotated	as	“endo-beta-1,4-glucanase	precursor”	(Figure	3.5).	Besides	pectinases,	cellulases,	and	hemicellulases,	seven	genes	encoding	cutinases	were	also	identified	as	DEGs,	all	of	which	belong	to	the	family	CE5.			 To	view	the	expression	changes	of	the	CAZymes,	a	heat	map	was	generated	to	display	the	log2	fold	changes	of	all	the	potential	PCWDE	genes	from	different	categories.	It	was	observed	that	most	genes	were	up	regulated	after	infecting	the	soybean	leaves,	except	a	few	genes	in	the	“cellulases”	category.	Noticeably,	about	fifteen	genes	encoding	pectinases	and	three	cutinase	genes	had	very	strong	up	regulations	(log2	FC	>	5)	while	most	cellulase	genes	had	weaker	inductions	(log2	FC	<	5),	suggesting	that	at	these	early	time	points	(4	hpi	and	8	hpi),	S.	sclerotiorum	penetration	might	benefit	more	by	degrading	cuticle	and	pectins	than	the	need	for	cellulases,	although	gene	expression	is	independent	of	enzyme	efficiency.	Interestingly,	S.	sclerotiorum	preferentially	infects	dicots,	and	the	cell	walls	in	dicots	contain	much	more	pectin	than	in	monocots	(O’Connell	et	al.	2012).	
	
DEGs	encoding	secreted	proteins		 Besides	CAZymes,	secreted	proteins	are	predicted	to	play	an	important	role	in	S.	
sclerotiorum	virulence.	To	examine	the	expression	of	potential	effector	proteins	in	early	infection	stages,	347	DEGs	were	predicted	to	harbor	signal	peptides	using	SignalP	4.1.	Among	them,	119	DEGs	were	annotated	as	CAZymes,	or	potential	PCWDEs	(as	mentioned	above),	and	68	DEGs	were	predicted	to	contain	either	transmembrane	helices	or	glycophosphatidylinositol	anchor	motifs	(GPI).	After	filtering,	160	DEGs	were	kept	and	considered	as	effector	candidates	(Appendix	D).		 Guyon	et	al	(2014)	predicted	a	total	of	486	potential	effectors	from	the	S.	
sclerotiorum	genome	based	on	the	signal	peptides	and	evidence	for	in	planta	expression.	Of	the	160	DEGs	selected	in	this	study	as	candidate	secreted	proteins,	91	were	included	in	their	effector	list,	and	several	DEGs	identified	with	interesting	annotations	in	their	work	were	also	differentially	expressed	(Table	3.3).	There	were	two	DEGs,	“SS1G_07836”	and	“SS1G_12336”	harboring	common	protein	domains	found	in	fungal	effectors	that	contained	chitin	binding	domain	and	peptidase	A4	domains.	Additionally,	a	DEG,	
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“SS1G_14133”	annotated	as	“fungal	integrin-like	protein”	was	already	identified	to	be	required	for	full	S.	sclerotiorum	virulence	(Zhu	et	al.,	2013).	DEG	“SS1G_12513”	contains	a	LysM	domain	homologous	to	the	Cladosporium	fulvum	effector	Ecp6	protein,	as	well	as	in	various	other	fungi	(Bolton	et	al.	2008).	Five	other	DEGs	were	also	identified	as	showing	homology	to	known	fungal	effectors	or	effector	candidate	in	other	species	in	Guyon	et	al.	(2014).	For	example,	“SS1G_03080”	is	homologous	to	Botrytis	cinerea	effector	NEP1	(Schouten	et	al.,	2008).	Eleven	secreted	proteins	were	predicted	to	have	nuclear	localization	signals	by	Guyon	et	al.	(2014)	,	and	seven	of	these	showed	differential	expression	between	the	growth	in	soybean	leaves	versus	the	axenic	growth	in	culture	(Table	3.3).	The	co-existence	of	secretory	signals	and	nuclear	localization	signals	suggests	that	these	effector	candidates	might	target	components	in	the	plant	cell	nucleus.			 Besides	annotations,	another	strategy	to	select	potentially	critical	effector	candidates	was	based	on	the	overall	expression	changes.	The	20	top	up-regulated	DEGs	in	each	soybean	genotype	are	listed	(redundant	ones	were	removed)	in	Table	3.4.	Noticeably,	“SS1G_02038”,	“SS1G_03629”	and	“SS1G_12210”	exhibited	strong	up-regulation	after	infecting	the	soybean	host,	and	are	annotated	as	peptidases	or	proteases.	The	pathogen-secreted	peptidases	play	important	roles	in	nutrient	acquisition,	such	as	to	digest	host	proteins	for	pathogen	use,	and	in	the	weakening	of	host	defense	(Rodríguez-Herva	et	al.	2012;	Lowe	et	al.	2015).		
	
DEGs	involved	in	secondary	metabolisms	
	 In	plant-microbe	interactions,	pathogens	produce	a	diversity	of	secondary	metabolites	(SMs)	that	are	utilized	as	phytotoxins	or	phytohormones	to	manipulate	host	cells	(Pusztahelyi	et	al.,	2015).		In	fungi,	there	are	five	classes	of	SMs:	non-ribosomal	peptides,	polyketides,	NRPS-PKS	hybrids,	indole	alkaloids	and	terpenes	(Hoffmeister	and	Keller	2007).	The	genes	involved	in	a	certain	SM	biosynthesis	tend	to	locate	contiguously	in	the	genome,	thus	forming	SM	clusters.	Usually	one	gene	in	a	certain	cluster	encodes	an	enzyme	that	catalyzes	the	first	key	reaction.	These	enzymes	include	non-ribosomal	peptide	synthases	(NRPSs),	polyketide	synthases	(PKSs),	hybrid	NRPS-PKS	enzymes,	prenyltransferases	(DMATSs),	and	terpene	cyclases	(TCs),	corresponding	to	each	type	of	the	produced	SM,	respectively.	These	key	enzymes	are	referred	to	as	“backbone	enzymes”	
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in	SMURF,	a	database	to	identify	SM	clusters	based	on	fungal	genomic	sequences	(Khaldi	
et	al.	2010).		 In	S.	sclerotiorum,	a	total	of	23	SM	clusters	were	identified	using	SMURF,	and	29	backbone	genes	were	identified,	containing	16	PKSs,	2	PKS-likes,	5	NRPSs,	5	NRPS-likes,	0	HYBRID	and	1	DMAT	(Islam	et	al.	2012).	Among	the	2,948	DEGs,	21	SM	clusters	were	identified,	and	their	corresponding	backbone	genes	consisted	of	12	PKSs,	1	PKS-likes,	4	NRPSs,	4	NRPS-likes,	0	HYBRID	and	0	DMAT	(Table	3.5).	For	the	21	backbone	genes,	19	genes	were	included	in	the	DEG	list,	which	gave	more	confidence	to	the	transcriptional	regulation	of	the	SM	pathway.	For	the	other	two	backbone	genes,	despite	not	being	detected	as	significantly	differently	expressed,	some	other	gene	members	in	the	clusters	were	significant.	Interestingly,	the	cluster	SS1G_09234	-	SS1G_09242	was	reported	to	be	homologous	to	the	putative	biosynthesis	gene	cluster	of	the	toxin	botcinic	acid	in	the	necrotrophic	fungus	B.	cinerea	(Dalmais	et	al.	2011)	(Table	3.5).	Using	another	fungal	SM	database,	antiSMASH	(Weber	et	al.	2015),	two	PKS	and	one	NRPS	gene	cluster	were	detected	as	homologous	to	known	gene	clusters,	namely,	“SS1G_05666	-	SS1G_05681”	as	aflatoxin	biosynthesis,	“SS1G_08554	-	SS1G_08564”	as	acetylaranotin	biosynthesis	and	“SS1G_13313	-	SS1G_13322”	as	emericellin	biosynthesis	(Table	3.5).		 Six	gene	clusters	that	contained	at	least	four	DEGs	in	each	cluster	were	explored	for	the	expression	patterns	of	individual	genes	(Figure	3.7).	Nine	genes	included	in	the	homologous	botcinic	acid	biosynthesis	cluster	“SS1G_09234	-	SS1G_09242”	were	all	identified	as	DEGs	and	consistently,	all	of	them	were	significantly	up	regulated	(Table6;	Figure	3.7).	Botcinic	acid	and	botrydial	were	considered	as	two	major	phytotoxins	in	B.	
cinerea	and	they	were	found	to	have	redundant	roles	regarding	virulence	(Dalmais	et	al.	2011).	However,	there	was	no	botrydial	metabolic	cluster	identified	in	the	S.	sclerotiorum	genome,	which	potentially	gave	more	importance	to	the	botcinic	acid	(Amselem	et	al.	2011).	Most	of	the	genes	in	other	clusters	showed	consistent	expression	changes	as	well,	which	further	validated	the	secondary	metabolism	clusters,	and	also	suggested	that	their	potential	roles	in	virulence.	
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The	effects	of	oxalic	acid	degradation	on	S.	sclerotiorum	gene	expression		 OA	is	well	confirmed	to	be	a	major	virulence	factor	of	S.	sclerotiorum.	Removal	of	OA	makes	S.	sclerotiorum	a	very	weak	pathogen,	but	the	pathogenicity	is	not	completely	lost	(Liang	et	al.	2015;	Xu	et	al.,	2015).	Therefore,	some	other	virulence	factors	besides	OA	must	also	play	important	roles	in	determining	the	outcome	of	S.	sclerotiorum-host	interactions.		As	the	experiments	involved	the	use	of	an	OxO	transgenic	line	that	degrades	OA,	we	were	interested	to	see	how	the	removal	of	OA	would	affect	gene	expression	inside	S.	
sclerotiorum	for	the	genes	involved	in	OA	biosynthesis.	Gene	“SS1G_08218”,	which	encodes	for	an	oxaloacetate	acetylhydrolase,	a	determinant	enzyme	for	OA	biogenesis	(Liang	et	al.	2015),	exhibited	a	strong	induction	in	both	genotypes	versus	in	culture	.	Interestingly,	the	fold	changes	at	4	hpi	and	8	hpi	were	both	higher	in	OxO	than	in	AC,	which	suggests	that	the	degradation	of	OA	by	OxO	led	to	an	adjusted	increased	expression	of	Oah1	(Table	3.6A).	Although	the	numeric	difference	between	fold	changes	was	not	large,	the	difference	was	still	considerable	due	to	the	high	expression	level	of	this	gene	(CPM	values:	3,379	and	5,545	in	AC	and	OxO	at	4	hpi;	5,578	and	8,438	at	8	hpi).	“SS1G_10796”	was	reported	as	the	major	oxalate	decarboxylase,	Odc2,	regulating	OA	degradation	during	plant	colonization	(Liang	et	al.,	2015).	The	Odc2	gene	was	largely	down	regulated	in	S.	sclerotiorum	infecting	OxO	at	4	hpi,	while	slightly	up	regulated	in	AC,	suggesting	that	removal	of	OA	could	signal	to	suppress	the	OA-degrading	enzymes.	It	was	reported	that	ambient	pH	could	largely	affect	the	biosynthesis	of	OA	and	other	processes	linked	to	pathogenicity,	with	a	transcription	factor	Pac1	functioning	as	a	major	regulator	of	ambient	pH	signaling	(Rollins	and	Dickman	2001).	The	statistical	comparisons	between	OxO	and	AC	resulted	in	only	three	genes	with	FDR	<	0.05	at	4	hpi,	and	no	genes	significant	at	8	hpi	(Table	3.2B;	Table	3.6B).	The	significant	genes	were	“SS1G_13987”	annotated	as	“sereum	paraoxonase	arylesterase”,	“SS1G_13035”	annotated	as	“cytochrome	p450”	and	“SS1G_11126”	annotated	as	“major	royal	jelly	protein”.	These	genes	were	all	up	regulated	after	infecting	plants,	but	the	first	two	genes	were	highly	induced	in	AC	at	4	hpi,	but	not	in	OxO,	and	the	third	gene	was	highly	induced	in	OxO	at	4	hpi,	but	not	in	AC.	
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Although	only	a	few	statistically	significant	differences	were	detected	by	directly	comparing	S.	sclerotiorum	gene	expressions	in	OxO	versus	AC,	there	were	a	substantial	number	of	genes	that	were	either	only	statistically	significant	in	OxO	or	only	in	AC	(Figure	3.2).	To	take	a	closer	look,	513	and	172	S.	sclerotiorum	genes	significantly	up-regulated	only	in	OxO,	and	415	and	204	significantly	down-regulated	at	4	hpi	and	8	hpi	only	in	OxO	were	listed.	GO	enrichment	analysis	showed	that	the	genes	that	were	only	up-regulated	in	OxO	were	closely	related	to	the	virulence	of	S.	sclerotiorum.	For	instance,	the	enrichment	of	“polygalacturonase	activity”	and	“xylanase	activity”	suggested	the	higher	up-regulation	of	pectinases	and	hemicellulases	in	OxO	(Figure	3.8).	It	could	be	hypothesized	that,	in	the	absence	of	high	levels	of	OA,	S.	sclerotiorum	increases	expression	of	PCWDEs	to	enhance	the	likelihood	of	infection	and	nutrient	acquisition	to	compensate	for	lack	of	OA.	The	interaction	between	OA	and	PCWDEs	has	been	studied	since	last	century.	Bateman	and	Beer	(1965b)	found	that	the	pectate	was	degraded	by	purified	polygalacturonase	only	if	OA	was	added	to	the	assay,	presumably	due	to	the	OA’s	proven	ability	to	chelate	calcium	from	the	calcium	pectate.	In	addition,	OA	lowers	the	pH	(estimated	as	2.8	in	culture)	to	the	level	optimal	for	the	polygalacturonase	activity	(Echandi	and	Walker,	1957).		In	addition	to	the	PCWDEs,	the	genes	in	secondary	metabolism	cluster	SS1G_09234	-	SS1G_09242,	which	was	homologous	to	the	botcinic	acid	biosynthesis	cluster	in	B.	cinerea,	exhibited	consistently	higher	induction	in	OxO	both	at	4	hpi	and	8	hpi	(Table	3.7).	The	differences	at	4	hpi	were	more	dramatic	as	the	ratio	of	OxO/AC	ranges	from	4	to	12	fold	(numbers	log2	normalized).	This	finding	further	supported	the	hypothesis	that	S.	sclerotiorum	compensates	for	lack	of	OA	by	increasing	expression	of	other	virulence	factors.			
Conclusions		 This	study	characterized	and	compared	the	gene	expressions	with	RNA-Seq	of	S.	
scleroitorum	in	infected	leaves	from	a	susceptible	and	a	resistant	soybean	genotype	at	4	and	8	hpi,	to	that	of	growth	in	liquid	axenic	culture.	A	dramatic	transcriptomic	response	was	revealed	by	infecting	the	soybean	leaves,	with	close	to	three	thousand	genes	detected	as	DEGs,	and	the	trend	of	expression	changes	of	most	genes	was	consistent	across	all	the	genotypes	and	time	points.	PCWDEs	were	shown	to	be	one	of	the	major	players	in	the	
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early	infection	stages,	as	119	potential	PCWDEs	were	predicted	including	pectinases,	celluloses,	hemicelluloses	and	cutinases.	GO	enrichment	study	also	demonstrated	that	biological	processes	involving	fatty	acid	synthesis,	glycogen	biosynthesis,	microtubule	motility	were	underrepresented,	suggesting	some	primary	metabolism	and	rapid	hyphal	growth	were	possibly	down	regulated	to	convert	more	cellular	resources	and	energy	to	pathogenicity-related	pathways.	160	secretory	proteins	were	predicted	as	fungal	effector	candidates,	some	of	which	contained	domains	homologues	to	other	known	fungal	effectors,	such	as	the	chitin-binding	domain,	LysM	domain	and	the	necrosis-inducing	domain.	Three	peptidases	exhibited	robust	up-regulation,	indicating	a	potential	of	them	in	nutrient	acquisition	and	host	defense	weakening.		 Although	only	three	S.	sclerotiorum	genes	showed	statistical	differences	between	OxO	and	AC,	there	were	more	than	700	genes	as	statistically	significant	S.	sclerotiorum	DEGs	only	in	OxO	tissue,	but	not	in	AC	(Figure	3.2).	With	the	degradation	of	OA,	the	genes	encoding	OA	biosynthetic	and	degradation	enzymes	were	respectively	up	regulated	and	down	regulated	in	OxO	much	more	than	AC.	Additionally,	a	set	of	PCWDEs	genes,	and	eight	genes	involved	in	botcinic	acid,	were	much	more	strongly	expressed	in	response	to	the	reduction	of	OA	in	OxO	than	in	AC.	A	potential	transcriptional	crosstalk	was	hypothesized	that	removal	of	OA	could	stimulate	the	expressions	of	other	virulence	factors.													
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FIGURES		
	Figure	3.1	Eight	pairwise	comparisons	between	five	treatment	groups	for	S.	sclerotiorum	genes.	Dashed	arrows	demonstrate	the	comparisons	of	gene	expressions	between	in	planta	and	in	culture;	solid	arrows	demonstrate	the	comparisons	between	time	points	and	soybean	lines.																			
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(A)																																																																(B)	
	(C)	
		Figure	3.2	Venn	diagrams	show	the	expression	pattern	of	2,948	S.	sclerotiorum	DEGs	of	in	planta	vs.	in	culture.	(A)	The	numbers	of	S.	sclerotiorum	DEGs	in	OxO	or	in	AC	(B)	The	numbers	of	up-regulated	DEGs	in	OxO	or	AC,	at	4	hpi	or	8	hpi	(C)	The	numbers	of	down-regulated	DEGs	in	OxO	or	AC,	at	4	hpi	or	8	hpi	
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	Figure	3.3	A	heat	map	showing	the	2,948	DEGs	from	the	four	comparisons	of	S.	
sclerotiorum	genes	in	planta	vs.	in	culture.	Genes	were	ordered	by	hierarchical	clustering	with	method	“Euclidean”.				
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	Figure	3.4	The	distributions	of	230	genes	predicted	to	be	encoding	CAZymes	in	the	CAZyme	classes	and	families.	Based	on	catalytic	functions	of	the	enzymes,	there	are	five	classes	of	CAZymes,	including	glycoside	hydrolases	(GHs),	glycosyltransferases	(GTs),	polysaccharide	lyases	(PLs),	carbohydrates	esterases	(CEs),	auxiliary	activities	(AAs)	and	an	associated	module,	carbohydrate-binding	modules	(CBMs)	(Lombard	et	al.	2014).	CAZymes,	carbohydrate-active-enzymes.			
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	Figure	3.5.	A	heat	map	showing	the	up-	or	down-	regulations	of	forty-four	plant	cell	wall-degrading	enzymes	in	different	soybean	lines	and	at	different	time	points.	Header	of	the	table	on	the	right:	enzyme	type,	CAZyme	family,	gene	id,	annotation			
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(A)	
	(B)	
	Figure	3.6.	GO	enrichment	analysis	for	DEGs.	The	Y-axis	presents	the	percentages	of	genes	mapped	by	the	terms	in	the	set.	(A)	The	test	set	is	the	up-regulated	DEGs	that	are	shared	between	S.	sclerotiorum	in	two	genotypes.	(B)	The	test	set	is	the	down-regulated	DEGs	that	are	shared	between	S.	sclerotiorum	in	two	genotypes.	BP:	biological	process.	MF:	molecular	function	
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	Figure	3.7	The	expression	patterns	of	the	genes	in	six	secondary	metabolism	clusters.	The	Y-axis	represents	the	log2	fold	changes	of	genes	in	S.	sclerotiorum	in	AC	at	8	hpi	compared	to	in	culture.	Each	bar	represents	a	gene.	Bars	in	the	same	color	represent	a	cluster.		
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		Figure	3.8	GO	graph	of	enriched	molecular	function	terms	for	S.	sclerotiorum	genes	that	were	exclusively	significantly	up-regulated	in	OxO	at	4	hpi	or	8	hpi.	The	intensity	of	red	color	indicates	the	degree	of	significance.							
	 80	
TABLES			
		Table	3.1.	Statistics	of	RNA-Seq	libraries.	
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	Table	3.2	The	number	of	DEGs	in	S.	sclerotiorum	that	were	up-	or	down-	regulated.	(A)	DEGs	from	comparisons	between	in	infected	leaves	and	in	culture.	(B)	DEGs	from	comparisons	between	different	time	points	in	infected	leaves	or	between	AC	and	OxO	soybean	lines.																	
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		Table	3.3.	List	of	DEGs	that	were	harboring	interesting	annotations	according	to	Guyon	et	
al	(2014).	The	fold	changes	are	log2	fold	changes.	Treatment	name,	for	example,	AC_4	h,	stands	for	the	S.	sclerotiorum	gene	expression	in	AC	at	4	hpi.	
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		Table	3.4.	List	of	top	20	up-regulated	DEGs	in	each	genotypes.	The	fold	changes	shown	here	are	log2	fold	changes.	The	column	name,	for	example,	AC_4	h,	stands	for	the	S.	
sclerotiorum	gene	expression	in	AC	at	4	hpi.			
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		Table	3.5	The	secondary	metabolism	gene	cluster	in	the	DEG	list.	The	table	is	sorted	by	backbone	gene	ID.	DEG	frequency	refers	to	how	many	genes	in	the	gene	cluster	showed	up	in	DEG	list.	The	abbreviations	are	PKS,	polyketide	synthase;	NRPS,	non-ribosomal	peptide	synthetase;	HYBRID,	hybrid	PKS-NRPS	enzyme;	DMAT,	dimethylallyl	tryptophan	synthase.	
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		Table	3.6	S.	sclerotiorum	genes	that	were	differentially	expressed	between	genotypes.	The	OxO/AC	represents	the	ratio	of	fold	changes	of	OxO	divided	by	fold	changes	of	AC	at	certain	time	points.	The	fold	changes	and	the	ratios	of	OxO/AC	are	both	log2	normalized.	
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		Table	3.7	Differential	expressions	of	S.	sclerotiorum	genes	between	OxO	and	AC	on	the	botcinic	acid	metabolic	pathway.	The	column	name,	for	example,	AC_4	h,	stands	for	the	S.	
sclerotiorum	gene	expression	in	AC	at	4	hpi.	The	OxO/AC	represents	the	ratio	of	fold	changes	of	OxO	divided	by	fold	changes	of	AC	at	certain	time	points.	The	fold	changes	and	the	ratios	of	OxO/AC	are	both	log2	normalized.																			
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CHAPTER	4:	VALIDATION	AND	EXPANSION	OF	AN	RNA-SEQ	DATA	ANALYSIS	OF	
SOYBEAN-SCLEROTINIA	SCLEROTIORUM	INTERACTIONS		
Introduction		 The	RNA-Seq	data	analysis	of	soybean	transcriptomic	responses	to	S.	sclerotiorum	at	4	and	8	hpi	(Chapters	2)	identified	many	differentially	expressed	genes	(DEGs)	as	being	significantly	induced	or	repressed	during	infection.	As	mentioned	in	Chapter	2,	some	DEGs	showed	high	induction	in	both	genotypes	assayed,	and	at	both	time	points,	while	others	showed	induction	only	in	one	genotype	and/or	at	one	time	point.	These	interesting	responses	begs	a	need	to	validate	the	expression	data.	Also,	considering	the	high-throughput	feature	of	RNA-Seq	technology,	it	was	possible	that	errors	occurred	due	to	inaccuracies	or	ambiguities	in	the	sequencing	data	processing	and	downstream	statistical	analyses.	Therefore,	a	study	was	conducted	to	validate	and	expand	the	results	with	new	samples	and	treatments,	and	with	a	different	method	of	gene	expression	quantification.		Real-time	quantitative,	reverse-transcribed,	polymerase	chain	reaction	(qRT-PCR)	is	considered	as	another	valid	method	to	measure	gene	expression	because	of	its	excellent	sensitivity	and	dynamic	range.	Nevertheless,	real	time	qRT-PCR	also	exhibits	some	weaknesses	due	to	its	relatively	low	throughput	(typically	96	reactions	in	a	single	plate),	high	cost,	and	the	need	to	design	highly	specific	primers.	A	new	technology	to	perform	qRT-PCR	is	the	use	of	a	Fluidigm	microfluidics	dynamic	array	for	the	PCR	step,	which	substantially	reduces	the	volume	of	nucleotide	samples	needed	for	a	single	reaction,	and	allows	several	thousand	reactions	to	be	run	simultaneously	(Jang	et	al.	2011).	Fluidigm	results	have	been	shown	to	be	very	consistent	with	the	conventional	real-time	qRT-PCR,	with	good	reproducibility	at	lower	cost	(Spurgeon	et	al.,	2008).			 	To	verify	and	expand	the	soybean	RNA-Seq	results	from	Chapter	2,	the	experiments	were	repeated,	but	in	a	slightly	modified	manner	to	ascertain	what	was	likely	to	be	related	to	defense,	and	to	verify	the	gene	expression	for	those	specific	DEGs.	Similar	to	the	experimental	designs	in	the	RNA-Seq	study,	genotypes	AC	and	OxO	were	inoculated	with	a	wild-type	virulent	S.	sclerotiorum.	But	in	addition,	in	the	new	experiments	the	genome	reference	isolate	1980	was	used	instead	of	isolate	NB5,	the	time	points	were	expanded	to	4,	8,	12	and	24	hpi.	Also,	because	it	has	been	shown	that	the	
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transgenic	OxO	does	not	adequately	remove	OA	during	the	first	24	hpi	using	an	infected	flower	as	the	inoculation	source	(Davidson	et	al.	2016)	as	conducted	in	Chapter	2,	to	examine	the	effect	of	totally	eliminating	OA	from	the	interaction,	plant	tissue	were	also	inoculated	with	an	oxaloacetate	acetylhydrolase	(oah1)-mutated	strain	that	does	not	accumulate	OA	(Liang	et	al.	2015).	Additionally,	in	an	attempt	to	further	test	how	the	selected	DEGs	of	interest	responded	to	OA,	leaves	were	treated	with	the	oah1-mutated	strain	with	the	addition	of	OA	with	the	assumption	that	the	exogenous	OA	would	partially	compensate	the	mutant	by	providing	OA.		 	
Materials	and	Methods	
Inoculations	and	samplings	Soybean	plants	of	the	OxO	transgenic	resistant	line	80(30)-1,	the	susceptible	parent	AC	Colibri,	and	the	susceptible	soybean	genotype	William	82	(W82)	were	grown	in	an	environmentally	controlled	growth	chamber	at	26°C	days/24°C	nights,	with	a	13-h	photoperiod.	At	the	V4	stage,	the	trifoliates	were	detached	and	used	for	inoculation.	For	AC	and	OxO-involved	inoculations,	the	experimental	design	is	presented	in	Table	4.1	A.	For	W82-involved	inoculations,	the	experimental	design	is	presented	in	Table	4.1	B.	All	S.	
sclerotiorum	strains	were	culture	in	solid	Potato	Dextrose	Agar	(PDA)	medium	for	two	days.	Agar	plugs	(8-mm-diameter)	that	contained	media	and	fungal	mycelia	at	the	edge	of	colonies	were	made	with	a	cork	borer	and	placed	on	detached	leaves,	mycelial	side	touching	the	leaf	surface,	with	four	discs	per	leaflet.	For	mock	inoculation,	sterile	8-mm-diameter	agar	plugs	of	PDA	media	were	placed	on	leaves.	After	inoculation,	all	leaves	were	incubated	in	Petri	dishes	containing	water	saturated	sterile	filter	paper,	and	placed	in	a	growth	chamber	at	20°C	days/18°C	nights,	with	a	13-h	photoperiod.	For	the	oah1-mutated	strain	plus	OA	solution	inoculation,	8-mm-diameter,	5-mm-height	nylon	fibered	pads	were	saturated	with	PDA	liquid	medium	and	the	oah1-mutated	strain	was	cultured	on	them	overnight,	and	the	mycelia	fully	covered	the	pad	surface	by	the	next	day.	Before	inoculation,	100	uL	50	mM	OA	was	applied	to	each	pad	and	allowed	to	absorb.	The	saturated	pads	were	put	on	leaf	surfaces,	with	the	mycelia	in	contact	with	the	leaf.	At	each	time	point,	plugs	or	pads	were	removed	from	leaves	and	leaf	area	beneath	plugs	or	pads	were	taken	as	leaf	discs	(diameter~1cm)	using	a	cork	borer,	and	
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immediately	frozen	in	liquid	nitrogen.	For	each	sample,	eight	leaf	discs	were	collected	from	two	leaves	from	two	different	soybean	plants	and	pooled	together	to	be	one	biological	replicate.	Three	biological	replicates	from	different	soybean	plants	were	obtained	in	the	same	manner	(Table	9).		
RNA	extraction,	purification	and	reverse	transcription	RNA	extraction	followed	the	procedures	described	in	Calla	et	al.	(2014a,b).	The	remnant	DNA	in	the	RNA	samples	was	removed	by	DNase	I	(Ambion).	The	RNA	samples	were	further	cleaned	with	phenol:chloroform:isoamyl	alcohol	(25:24:1)	reagent	and	straight	chloroform.	The	integrity	and	concentration	of	RNA	were	determined	with	the	Agilent	2100	Bioanalayzer	system.	Reverse	transcription	of	approximately	3	µg	RNA	was	performed	with	SMART	MMLV	Reverse	Transcriptase	(Takara)	for	each	replicate	of	the	leaf	samples	to	obtain	the	cDNA	to	be	used	by	the	Fluidigm	real	time	qPCR	system.			
Primer	design	and	verification	
	 Ninety-one	genes	detected	with	interesting	expression	patterns	or	defense-related	functional	annotations	were	selected.	Two	constitutive	control	genes	cons4	and	cons7,	which	encoded	an	ATP-binding	cassette	transporter	and	a	metalloprotease	respectively,	were	selected	as	reference	genes	to	normalize	gene	expression	in	samples	with	different	concentrations		(Libault	et	al.	2008).	Primers	were	designed	using	the	Primer-Blast	program	on	the	NCBI	website.	The	specificity	of	primers	was	further	verified	by	PCR	with	cDNAs	of	the	AC	and	the	W82	genotypes.	Only	primers	predicted	to	have	a	single	target	in	the	genome,	and	which	amplified	a	single	band	on	an	agarose	gel,	were	kept	for	further	analysis.			
Fluidigm	real	time	qPCR	and	data	analysis		 Before	conducting	the	qPCR,	1	µL	from	each	cDNA	sample	was	pooled	together	and	concentrated	by	vacuum	centrifugation.	Then	the	concentrated	sample	was	diluted	five	times	with	a	1:3	dilution	factor	and	these	samples	were	used	for	building	standard	curves	in	later	analyses.	Additionally,	a	pooled	‘no	enzyme’	RNA	sample	and	sterile	nano-pure	water	samples	were	prepared	as	two	negative	controls.	Primers	and	cDNA	samples	were	
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sent	to	the	University	of	Illinois	Roy	J.	Carver	Biotechnology	Center,	UIUC	to	run	the	Fluidigm-based	real	time	qPCR	in	a	96	(samples)	X	96	(genes)	setting.		 Raw	data	were	Ct	values,	ranging	from	3	to	23.	First,	a	standard	curve	was	built	for	each	primer	pair	by	performing	linear	regression	with	the	log10	Ct	values	of	the	dilution	series	samples.	Primer	efficiencies	were	calculated	with	the	equation	based	on	the	slope	of	the	linear	model:	E	=10[–1/slope].	Primers	with	efficiency	lower	than	80%	or	higher	than	120%	were	filtered	out	and	not	reported.	Then	all	the	Ct	values	were	corrected	by	their	corresponding	primer	efficiencies	by	the	equation:	corrected	Ct	=	log2	(E^Ct).	To	normalize	the	corrected	Ct	values	by	values	of	the	reference	genes,	delta	Ct	values	were	obtained	by	subtracting	corrected	Ct	values	with	the	geometric	mean	of	the	corrected	Ct	values	of	the	two	reference	genes.	Delta-delta	Ct	values	were	calculated	to	get	the	log2	fold	changes	of	gene	expressions	of	inoculated	samples	versus	the	mock	samples.		
Results	and	Discussions	
Phenotypes	of	the	inoculated	leaves		 The	phenotypes	for	AC	and	OxO	inoculated	leaves	were	fairly	similar	at	4,	8,	12	and	24	hpi.	None	of	the	samples	developed	observable	lesions	at	4,	8	and	12	hpi,	but	by	24	hpi,	both	genotypes	showed	brown,	water-soaked	lesions	of	similar	sizes	using	the	wild-type	isolate	(Figure	4.1A,	C).	Differences	were	detected	at	48	hpi	(Figure	4.1B,	D).	The	experiment	involving	the	inoculation	of	W82	with	the	wild	type	S.	sclerotiorum	1980	or	the	oah1-mutated	strain	were	clearly	different.	Infected	with	the	wild-type	isolate,	W82	was	susceptible	and	exhibited	brown	lesions	at	24	hpi	(Figure	4.1E).	However,	infected	with	the	oah1-mutated	strain,	there	were	no	visible	sign	of	infection	at	24	hpi,	although	the	mycelia	were	growing	vigorously	on	the	PDA	plug	(Figure	4.1F),	indicating	that	the	plants	were	extremely	resistant	to	this	strain,	or	that	the	mutant	was	severely	incompetent	in	its	ability	to	penetrate.	Applying	50	mM	OA	solutions	to	W82	leaves	caused	grey,	necrotic	lesions	at	24	hpi.	Similar	lesions	were	observed	when	W82	leaves	were	inoculated	with	the	oah1-mutated	strain	plus	exogenous	50mM	OA.				
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Validation	of	the	RNA-Seq	results	by	qRT-PCR		 The	genes	selected	from	RNA-Seq	results	for	qRT-PCR	validation	in	the	Fluidigm	microfluidic	array	were	based	on	several	criteria	(Appendix	E).	First,	there	were	48	genes	that	were	only	significantly	up-regulated	in	OxO	at	4	hpi	but	not	in	AC	at	4	hpi,	or	only	in	OxO	at	8	hpi,	but	not	in	AC	at	8	hpi.	Genes	in	this	category	mostly	had	interesting	annotations	or	reported	in	the	literatures	to	be	involved	in	defense.	Second,	there	were	about	28	genes	that	were	significantly	induced	in	both	genotypes,	which	could	be	important	for	soybean	basal	defense	to	S.	sclerotiorum.	Finally,	the	other	categories	were	miscellaneous,	including	genes	that	were	down	regulated	by	S.	sclerotiorum	inoculation,	decreased	their	expression	by	treatment	with	OA	solution,	induced	by	OA	treatment	but	not	fungal	inoculation,	widely	reported	in	other	host	-	S.	sclerotiorum	studies,	or	putatively	involved	in	autophagy.		The	correlations	of	the	RNA-Seq	and	qRT-PCR	results	were	calculated	with	the	Spearman	rank-based	method.	Overall,	the	correlations	between	RNA-Seq	and	qRT-PCR	results	were	not	high,	ranging	from	-0.29	to	0.72	(Figure	4.2).	However,	almost	all	of	the	DEGs	changed	expressions	with	qRT-PCR	in	the	same	direction	as	with	RNA-Seq.	This	could	be	expected	since	totally	different	technologies	were	used	to	quantify	the	gene	expressions,	different	pathogen	isolates,	different	inoculation	methods	were	used.	For	the	category	“OxO	more”	(Figure	4.2),	OxO	had	much	higher	correlations	than	AC,	especially	at	4	hpi,	which	were	consistent	with	the	RNA-Seq	results	because	genes	in	this	category	were	selected	based	on	the	significance	of	OxO	at	4	hpi.	For	the	category	“both	genotype”	(Figure	4.2),	the	correlations	were	relatively	higher	in	both	genotypes,	further	proving	that	their	expressions	were	responsive	to	S.	sclerotiorum	infection.	For	the	category	“miscellaneous”	(Figure	4.2),	the	correlations	were	high	and	the	down-regulated	genes	were	particularly	consistent	between	qRT-PCR	and	RNA-Seq.	Also,	most	data	points	in	the	scatter	plots	were	above	the	y=x	line	(Figure	4.2),	which	means	RNA-Seq	detected	stronger	expressions	and	was	more	sensitive	for	capturing	early	responses	than	the	qRT-PCR.					
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Expression	patterns	in	other	time	points	and	treatments	As	mentioned	in	the	materials	and	methods	section,	the	qRT-PCR	expanded	the	RNA-Seq	study	(Chapter	2)	by	adding	time	points	12	and	24	hpi	with	the	OxO	and	AC	genotypes,	and	also	included	other	treatments	such	as	using	W82	infected	with	isolate	1980,	and	treating	W82	leaves	with	an	oah1	mutant,	or	with	pure	OA	solution,	or	a	combination	oah1	mutant	+OA	solution.	By	displaying	all	the	91	genes	in	a	heatmap	(Figure	4.3),	it	is	clear	to	see	that	most	of	the	genes	changed	expression	in	the	same	direction	from	4,	8,	12	to	24	hpi,	independent	of	genotype.	When	viewing	the	patterns	between	different	genotypes,	about	half	of	the	genes	were	similarly	induced	in	the	OxO,	AC	and	W82	inoculated	with	the	wild	type	S.	sclerotiorum,	suggesting	that	they	responded	to	S.	sclerotiorum	regardless	of	strain	and	soybean	genotype.	The	last,	but	not	the	least,	consistency	observed	between	the	qRT-PCR	and	RNA-Seq	results,	was	that	in	the	4	hpi	OxO	samples,	many	genes	exhibited	stronger	reactions	than	AC,	and	at	8	hpi	they	exhibited	similar	inductions.		In	the	oah1	mutant	analysis,	it	was	clearly	seen	that	most	genes	showed	very	weak	changes	(log2	fold	change	from	-0.5	to	0.5)	in	W82	inoculated	with	the	oah1-mutated	strain	(Figure	4.3).	These	weak	gene	expressions	would	be	expected	considering	that	the	phenotypes	(Figure	4.1F)	showed	no	visible	lesions,	and	it	was	likely	that	no	extensive	penetration	occurred	without	OA	(Liang	et	al.	2015).	However,	about	five	genes	were	still	rapidly	stimulated	by	the	oah1-mutant,	including	a	cytochrome	P450-71D8	protein,	two	dirigent	proteins,	a	serine/threonine	protein	kinase	and	a	glutaghione	S-transferase.	The	expression	pattern	of	oah1-mutant	plus	OA	was	almost	identical	to	the	pure	OA	treatment,	reflective	of	their	similar	phenotypes	(Figure	4.3);	in	other	words,	there	was	no	obvious	enhancement	of	the	oah1-mutant	virulence	by	applying	exogenous	OA	solution.	In	addition,	most	genes	were	similarly	induced	in	response	to	pure	OA	and	the	wild	type	S.	
sclerotiorum	infection,	supportive	of	the	role	of	OA	as	a	major	virulence	factor	of	S.	
sclerotiorum.	Exceptionally,	five	genes	were	only	stimulated	specifically	by	the	fungus	and	were	not	affected	by	OA	(Figure	4.3;	red	line).	These	five	genes	are:	a	key	ethylene-responsive	transcription	factor,	a	syntaxin-121	protein,	a	Pti1	kinase,	a	bfr2	protein	and	a	glucuronosyltransferase	PGSIP6.	
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	 Two	genes	showed	strong	S.	sclerotiorum	induced	increased	expression	in	only	OxO	during	the	entire	time	course	from	4	to	24	hpi,	but	not	the	other	genotypes	and	treatments;	and	these	two	genes	were	slightly	down	regulated	by	OA	treatment	(Figure	4.3).	The	annotations	of	these	two	genes	were	“tonoplast	dicarboxylate	transporter”	and	“AAA-type	ATPase	family	protein	BCS1-like	protein”,	both	of	them	involved	in	translocation	through	the	membrane.	The	tonoplast	dicarboxylate	transporter	was	reported	to	participate	in	organic	acid	metabolism	and	regulating	cellular	pH	homeostasis	(Hurth	et	al.	2005).			 As	for	the	membrane	trafficking-related	genes	(Table	4.2)	that	were	more	induced	in	OxO	at	4hpi	in	the	RNA-Seq	study,	four	of	them	were	similarly	induced	in	both	genotypes	across	all	the	time	points	in	the	qRT-PCR	study,	two	more	strongly	and	earlier	induced	in	OxO	but	similar	for	later	time	points,	one	induced	only	in	AC.	So	very	likely	they	were	common	responses	to	S.	sclerotiorum	infection,	but	how	much	their	expression	would	be	affected	by	OA	was	still	ambiguous	since	it	was	reported	that	there	is	not	a	large	difference	in	OA	levels	between	the	two	genotype	at	24	hpi	(Davidson	et	al.	2016).	In	addition,	the	two	genes	analyzed	to	represent	autophagy	were	not	induced	consistently,	thereby	not	allowing	for	the	validation	of	the	hypothesis	supporting	for	the	occurrence	of	autophagy.			 	
Conclusions		 Ninety-one	genes	were	selected	from	the	RNA-Seq	result	and	further	analyzed	with	Fluidigm	qRT-PCR.	Several	extensions	of	the	study	were	made	based	on	the	results	of	the	previous	experiment,	including:	extending	the	time	points	to	include	12	and	24	hpi,	adding	W82	as	a	soybean	host,	adding	inoculations	with	S.	sclerotiorum	oah1-mutated	strain	to	look	at	the	non-OA	effect,	and	treating	soybean	tissues	with	a	pure	OA	solution.	Although	comparisons	of	the	qRT-PCR	results	and	RNA-Seq	based	on	the	Spearman	correlation	coefficient	were	not	desirable,	most	genes	exhibited	the	same	directions	of	expression	changes,	validating	their	biological	responses.	Averagely,	the	genes	showed	higher	correlations	between	qRT-PCR	and	RNA-Seq	in	OxO	than	in	AC,	reflective	of	the	fact	that	most	genes	were	selected	due	to	higher	inductions	in	OxO.	In	addition,	most	genes	changed	in	expression	fairly	consistently	between	the	expanded	time	points	and	
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treatments.	There	was	no	obvious	enhancement	of	the	oah1-mutant	virulence	by	applying	exogenous	OA	solution.	In	addition,	the	transcriptional	changes	in	W82	inoculated	with	the	oah1-mutated	S.	sclerotiorum	were	generally	weak,	which	was	very	likely	due	to	the	inability	of	this	mutant	to	successfully	penetrate	cell	walls	(Liang	et	al.	2015).	Not	consistent	with	the	RNA-Seq	results,	membrane-trafficking	related	genes	and	autophagy-related	genes	showed	no	obvious	expression	differences	between	two	genotypes,	which	made	their	roles	in	soybean	resistance	still	uncertain.																									
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FIGURES		(A)	
	(B)	
		(C)	
	Figure	4.1	The	phenotypes	of	different	soybean	genotypes	after	being	infected	with	different	S.	sclerotiorum	strains.	(A)	AC	infected	with	1980	wild	type	at	24	hpi.	(B)	AC	infected	with	1980	wild	type	at	48	hpi.	(C)	OxO	infected	with	1980	wild	type	at	24	hpi.	(D)	OxO	infected	with	1980	wild	type	at	48	hpi.	(E)	W82	infected	with	1980	wild	type.	(F)	W82	infected	with	1980	oxaloacetate	acetylhydrolase-mutated	strain.				
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(D)	
	(E)	
	(F)	
	Figure	4.1	(Continued).				
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		Figure	4.2	The	log2	fold	changes	of	genes	from	RNA-Seq	and	from	qRT-PCR	results.	The	genes	were	selected	based	on	three	categories:		“OxO_more”	represented	genes	that	were	all	only	significantly	up-regulated	in	OxO	at	4	hpi	but	not	AC	at	4	hpi,	or	only	in	OxO	at	8	hpi	but	not	AC	at	8	hpi,	“both_genotype”	represented	genes	that	were	significantly	induced	in	both	genotypes	and	“miscellaneous”	represented	genes	that	had	other	kinds	of	interesting	patterns.	The	orange	line	represents	y=x.	The	correlations	were	calculated	based	on	“spearman”	method	for	each	category,	in	each	genotype	and	at	each	time	point.			
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	Figure	4.3.	Expressions	of	ninety-one	genes	in	qRT-PCR	and	RNA-Seq.	All	the	log2	fold	changes	were	resulted	by	comparing	to	the	mock	samples.	Column	names	indicate	the	genotypes,	treatments	and	time	points.	The	categories	on	the	right	represent	the	expression	patterns	exhibited	from	the	heatmap.	The	category	noted	by	the	red	line	represented	genes	that	were	not	responding	to	oxalic	acid	treatment	but	to	S.	
sclerotiorum	infection.							
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TABLES		(A)	
	(B)	
	Table	4.1	Experimental	design	of	sample	collections	for	fluidigm-based	real	time	qPCR.	(A)	For	soybean	genotypes	AC	and	OxO;	(B)	for	soybean	genotype	W82.	Bio	reps:	biological	replications;	1980	WT:	the	wild	type	S.	sclerotiorum	“1980”	strain;	1980	oah-	:	the	oxaloacetate	acetylhydrolase	mutated	“1980”	strain;	oah-	+	OA:	inoculated	with	the	oah	mutated	strain	and	simultaneously	treated	with	100	uL	50	mM	oxalic	acid;	OA:	only	treated	with	100	uL	50	mM	oxalic	acid;	Mock:	inoculated	with	PDA	plugs	without	fungal	mycelia.				
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	Table	4.2	Expressions	of	genes	involved	in	membrane-trafficking	processes	and	autophagy	in	qRT-PCR.	The	numbers	listed	were	log2	fold	changes	compared	to	mocks.	Yellow	color	indicated	up-regulation	with	higher	than	1	log2	fold	changes.	Green	color	indicated	down-regulation	with	lower	than	-1	log2	fold	changes.																					
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APPENDIX	A.	SOYBEAN	DEG	LIST		Sheet	1,	a	list	of	all	the	876	genes	that	were	differentially	expressed	in	at	least	one	comparisons.	Sheet	2,	a	list	of	genes	that	were	differentially	expressed	by	S.	sclerotiorum	inoculation.	Sheet	3,	a	list	of	genes	that	were	differentially	expressed	by	time	points.	Sheet	4,	a	list	of	genes	that	were	differentially	expressed	by	genotypes.	The	Appendix	is	attached	as	an	excel	file	named	“Appendix	A.	soybean	DEG	list”.																									
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APPENDIX	B.	DEGS	BETWEEN	GENOTYPES		Sheet1,	DEGs	that	were	significantly	induced	in	OxO	at	4	hpi	but	not	AC	at	4	hpi.	Sheet	2,	DEGs	that	were	significantly	induced	in	OxO	at	8	hpi	but	not	AC	at	8	hpi.	The	Appendix	B	is	attached	as	an	excel	file	named	“Appendix	B.	DEGs	between	genotypes”.																										
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APPENDIX	C.	S.	SCLEROTIORUM	DEG	LIST		2,948	S.	sclerotiorum	genes	were	selected	out	as	statistically	significantly	differentially	expressed	genes	(DEGs)	between	in	plant	and	axenic	culture,	with	a	cutoff	of	FDR	<	0.01	in	at	least	one	comparison	and	mean	CPM	>	10	in	one	treatment.	The	Appendix	C	is	attached	as	an	excel	file	named	“Appendix	C.	S.	sclerotiorum	DEG	list”.																										
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APPENDIX	D.	S.	SCLEROTIORUM	POTENTIAL	EFFECTORS		Appendix	D.	160	S.	sclerotiorum	DEGs	considered	as	effector	candidates.	The	Appendix	D	is	attached	as	an	excel	file	named	“Appendix	D.	S.	sclerotiorum	potential	effectors”.																											
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APPENDIX	E.	QRT-PCR	RESULTS		The	results	for	qRT-PCR	validation	in	the	Fluidigm	microfluidic	array	for	genes	selected	from	RNA-Seq	results	based	on	several	criteria.		The	Appendix	E	is	attached	as	an	excel	file	named	“Appendix	E.	qRT-PCR	results”.		
